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GENERAL THTRODUCTION 
Soybean productivity can be greatly enhanced by inoculation of seeds 
in soils that lack bradyrhizobia. In soils with established populations, 
however, the competition between native and added bradyrhizobia is 
thought to be a major factor that inhibits inoculation responses and 
successful establishment of more desirable inoculum strains. Research is 
needed to better understand bradyrhizobial competition and ecology in 
soil. 
These studies investigated factors affecting competition between 
native and introduced Bradyrhizobium japonicum in Iowa soils. The first 
section entitled "Literature review" outlined and summarized previous 
research. This section contains Introduction, Competition, Fertility, 
Field Surveys, Methodology, and References Cited subsections and includes 
tables within the text. This manuscript will not be submitted for 
publication. 
The second section entitled "Competition of introduced 
Bradyrhizobium japonicum in Iowa soils" evaluated the competitiveness of 
inoculum strains in field studies over a 3-yr period to determine if 
introduced strains could compete against native bradyrhizobia in forming 
nodules on soybeans and, if so, whether their presence in the nodules 
contributed to improved plant growth. This section contains Abstract, 
Introduction, Materials and Methods, Results and Discussion, Summary, and 
References Cited subsections and has tables and a figure included in the 
text. This manuscript will be submitted to Agronomy Journal for 
publication. 
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The third section entitled "Serology of bradyrhizobia in Iowa 
soybean nodules as influenced by N additions and cultivars" considered N 
fertilizer, cultivars, and commercial inoculum as management factors that 
may affect the presence of bradyrhizobial serogroups in soybean nodules 
in the field. This section has the same subsection format as Section 2, 
except that Section 3 does not have a Summary. Tables are also included 
in the text. It has not been decided at the time of printing if this 
section will be submitted for publication. 
The fourth section is entitled "Field survey of soybean 
bradyrhizobia in Iowa soils" and characterized serogroups of native 
bradyrhizobia in field-grown soybean nodules from 32 soils across central 
Iowa over a 3-yr period. Nodule isolates were evaluated for a) tolerance 
to environmental stresses of pH, temperature, and salt concentrations, 
and b) their nodulation and Ng-fixation efficiency under laboratory 
conditions. This section has the same subsection format as Section 2 and 
has tables included in the text. It has not been decided at the time of 
printing if this section will be submitted for publication. 
An overall summary and discussion of results follows these sections 
in "Summary and Conclusions." 
Appendices A and B contain summary tables of the statistical 
analyses for responses discussed in Sections 2 and 3, respectively. 
Appendix C contains tables that evaluate nodule isolates for their growth 
response on laboratory media and for their efficacy as inoculants of 
soybeans in pouches. 
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SECTION 1. 
LITERATURE REVIEW 
6 
INTRODUCTION 
Microbial Ecology 
The essential roles microorganisms play in our daily lives escape 
recognition by many people. Microbial ecologists investigate ways 
microorganisms interact with their environment as well as the biochemical 
transformations that regulate these interactions (Schmidt and Bobert, 
1985). Soil microbiology focuses on a unique habitat below the surface 
of the soil that is every bit as active and full of life as the above-
ground environment. The variety of sizes and types of organisms present, 
coupled with the earth's diversity of climates and their combined 
influence on pedogenesis provide seemingly infinite arrays of physical, 
chemical, and biological interactions that make this a truly fascinating 
field of study (Brill, 1981; Zuberer, 1984; Tu and Trevors, 1985). 
The biological component of a soil consists of plant roots plus 
viruses, bacteria, actinomycetes, algae, fungi, and protozoa as well as 
insects, worms, and mammals in various stages of their life cycles. In 
addition to the decomposition of plant and animal residues, soil 
organisms also have a tremendous impact on the earth's nutrient cycles. 
Biological dinitrogen (N^) fixation is one aspect of the nitrogen (N) 
cycle that has intrigued people for ages. The air we breathe is nearly 
80% N2 and the inherent capacity of certain organisms to tap this 
abundant pool of relatively unavailable atmospheric Ng has been heavily 
researched by workers in many disciplines. Nitrogen-fixing organisms are 
referred to as diazotrophs and are unique in that they are restricted to 
procaryotic organisms such as bacteria (Azotobacter, Azospirillum, 
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Bradyrhizoblum, Rhizoblum, Bacillus, Clostridium, Klebsiella), 
cyanobacterla (Anabaena, Calothrlx, Nostoe), and actlnomycetes (Frankla) 
(Alexander, 1977). They typically Inhabit soil and aquatic environments 
and their ability to fix Ng is strongly dependent upon environmental 
conditions and their individual physiological needs. 
Symbiotic interactions often result in unique morphological features 
such as bacterolds within root, stem, or leaf nodules or heterocysts 
within lichens and filamentous cyanobacterla. An interesting array of 
symbioses has developed ranging in a continuum from very close, intimate 
relationships through rather loose associations with fungi and plants to 
nonsymbiotic survival in a free-living state in the absence of a host. 
The nodule association in legumes and actlnorhlzoplants represents the 
closest and most efficient type of relationship, being clearly 
synergistic for both partners. The microsymbioot actually invades host 
tissue in a manner very similar to that of disease-producing plant 
pathogens (Vance, 1983). Protection Inside the host offers reduced 
compétition from other rhlzosphere occapaats and the plant provides a 
ready source of energy through photosynthate. In turn, the bacteria 
contain unique metabolic machinery, including the nitrogenase enzyme, 
which reduces Ng into biologically available compounds like NH^ and amino 
acids. Strains of some species also have hydrogenase enzymes for 
enhanced efficiency, recapturing energy from the H2 evolved during N2 
fixation (Schubert and Evans, 1976). Most efficient strains fix enough N 
for their own needs as well as an excess to supply a major portion of the 
needs of their hosts. Energy requirements needed to cleave the triple 
bond of the inert N2 molecule are high. Less intimate associations tend 
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to be less efficient because of increased competition from other 
organisms for limited energy supplies. 
Macrosyabiont (Soybeans) 
History 
Historical aspects relating to soybeans. Glycine max (L.) Merrill, 
have been reviewed by Probst and Judd (1973). The specific origin of 
soybeans is unknown, but evidence suggests they probably originated in 
Asia in eastern or northcentral China and were spread by explorers, 
merchants, and missionaries throughout the world. Today, soybeans are 
grown in many diverse regions and climates ranging from tropical to high-
latitude temperate zones and are currently ranked among the major 
cultivated legumes. Fresh, dried, and fermented soybean products are an 
indispensable part of human diets in many Oriental countries and 
medicinal uses for soybeans have also been found. The extracted oil has 
industrial and dietary value while the residual meal is used as livestock 
feed and fertilizer. 
Soybeans were considered a novelty in the United States of America 
(USA) until the late 1800s. Rutgers was the first agricultural college 
to conduct scientific tests on soybeans in 1879 and, by the turn of the 
century, extension bulletins were published on their use for forage. 
Commercial grain production began in the Southeast, then spread into the 
Cornbelt in the early 1920s. During the Depression, the use of soybean 
meal in livestock rations became widely accepted and the USA began to 
export soybeans to Canada and Europe. By the mid-1950s, the USA had 
become a world leader in soybean production. Today, over 90% of the 
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world's soybeans are produced by the USA, Brazil, and Mainland China. 
Management 
The production and management of soybeans have been discussed by 
Pendleton and Hartwig (1973) and Martin et al. (1976). According to 
Martin et al. (1976), climatic conditions favorable for soybean 
production are very similar to those needed to raise com (Zea mays). 
Good growth occurs on many kinds of soils with fertile loams being 
especially productive. Nodulated soybeans tend to do better than corn on 
low fertility soils and are more tolerant of soil acidity than alfalfa 
(Medicago sativa) or red clover (Trifolium pratense). 
Moisture is critical during germination; either an excess or 
shortage of soil water can devastate the developing crop. A 5-month 
growing season with around 4,300 heat units is needed for soybeans to 
mature. Soybeans are short-day plants and fairly sensitive to 
photoperiod. Little, if any, growth occurs when temperatures fall below 
10°C, but light frosts are not harmful to either young seedlings or 
nearly mature soybeans. 
Epigeal cotyledons provide the major food supply for germination and 
the first few days after emergence. Tumor-like nodular tissues appear on 
the roots, if bradyrhizobia are present, within a couple of weeks after 
emergence and nodules continue to form throughout the growing season. 
Distinct nodule differences between tropical and temperate legumes have 
been discussed by Sprent (1980) and are summarized in Table 1. Nitrogen 
starvation between the time cotyledon reserves are exhausted and before 
the earliest nodules begin fixing N2 has been observed (Israel, 1981). 
Table 1. Anatomical, morphological, and physiological differences among legume nodules as a 
function of host origin* 
Host Origin 
Characteristic Tropical Temperate 
Taxonomic tribe Phaseoleae Vlcieae and Trlfolleae 
Representative genera Glycine, Vigna, Phaseolus Vicia, Trifollum, Plsum, Clcer, Luplnus 
External morphology globose or oblate cylindrical or collaroid 
Merlstematic growth determinant indeterminant 
Vascular arrangement closed loop dichotomously branched 
Vascular transfer cells absent present 
Anastomoses present at nodule apex absent 
Infected hoot cells: 
- vacuoles absent present 
- nuclei diploid tetraploid 
Bacteroldf] : 
- morphology swollen rods pleomorphic X, Y, and T shapes 
- size^ slightly larger much larger 
-DNA content/cell^ slightly more proportional to cell size 
Nitrate reductase leaves roots 
Dominant export products ureldes amides and amino acids 
^Adapted from Sprent (1980). 
^Compared with free-living cells. 
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Seed quality is influenced by high temperature during pod fill, 
which reduces oil content of the seeds; and by mechanical injury during 
harvest. Protein and oil contents in the seeds are inversely related and 
range from 30 to 50% and 14 to 24%, respectively. The seeds contain all 
of the essential amino acids and are good sources of Ca, P, and thiamine. 
Flowering begins at the base of the plant and proceeds upward. 
Pollination occurs just prior to or upon opening of the blooms, which are 
normally self-fertile. Each pod typically contains one to four seeds. 
Over half of the flowers commonly abort, particularly during dry 
weather. There are two types of reproductive development in soybeans. 
Indeterminant cultivars begin flowering towards the middle of the growing 
season with vegetative and reproductive growth continuing simultaneously 
throughout the remainder of the season. Determinant types bloom after 
most of the vegetative growth has occurred. Maturity-group 
classifications, based on the best latitudes for growth of soybean 
cultivars have been established. For example. Group VIII cultivars, are 
determinant and are raised in the southern USA, while GROUP 00 are 
indeterminant cultivars raised in Canada. 
Microsynbiont (Bradyrhizobia) 
The smaller of the two partners involved in the legume symbiosis was 
unrecognized for many years because of its microscopic size. 
Classification has challenged microbiologists since the discovery of 
these microorganisms nearly 100 yr ago. Early classification of nodule 
bacteria at the genus level was based on the ability to form nodules on 
various host plants. The former genus Rhizobium, which contained all 
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bacteria that formed nodules on legumes, was recently divided into two 
genera, Rhizobium and Bradyrhizobium, to distinguish fast and slow 
growers, respectively (Jordan, 1982). Differences were based on growth 
rate, numerical taxonomy, serology, protein composition, susceptibility 
to antibiotics and bacteriophages, carbohydrate utilization, composition 
of extracellular gums, DNA base ratios, nucleic acid hybridization, 
similarities among ribosomal RNA cistrons, and types of intracellular 
inclusion bodies found in bacteroids. Current guidelines suggest 
following the popular trend used by pathologists to signify the host with 
biovar designations after the species name. 
According to Jordan (1984), members of Bradyrhizobium form nodules 
on tropical and some temperate legumes. The type species is japonicum 
(Jordan, 1982) (type strain ATCC 10324), characterized as Gram negative, 
short rods that grow aerobically without forming sp.ores and are motile 
having one polar or subpolar flagellum. They are alkaline producers that 
grow readily on a yeast-extract, mineral salts medium and produce white, 
convex, circular colonies. Dinitrogen fixation typically occurs as 
bacteroids inside nodules but can also be carried out by at least some 
free-living cultures under controlled conditions (Keister, 1975). Most 
bradyrhizobia are chemoorganotrophs; however, some are able to grow 
chemolithotrophically with H2 and COg at restricted O2 levels (Jordan, 
1984). 
Even though bradyrhizobia prefer pentoses, they can utilize a number 
of carbon sources including mannitol, arabinose, glucose, galactose, 
gluconate, fructose, glycerol, and organic acids such as fumerate, 
malate, succinate, citrate, and pyruvate. They use peptone poorly, do 
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not hydrolyze casein or agar, cannot utilize cellulose or starch, do not 
produce HgS, and do not usually require extracellular vitamins. Alkaline 
reactions are produced in litmus milk without a clear serum zone. They 
lack NADP-linked 6-phosphogluconate dehydrogenase, an enzyme required for 
the pentose phosphate pathway that is usually only found in fast 
growers. Their guanine-cytosine DNA base pair ratios range from 61 to 65 
mol %. Most bradyrhizobia are sensitive to 2% NaCl and are fairly acid 
tolerant. Many strains grow at pH 4.3, some even at 3.5, but not when pH 
is greater than 9.0. Penicillinase production is common and they often 
make acidic extracellular polysaccharide gums composed of D-galacturonic 
acid, methylated sugars, and neutral glycans when grown on a medium that 
contains carbohydrates. 
Most bacteria that nodulate soybeans are slow growers; however, 
fast-growing strains form nodules on soybeans in The People's Republic of 
China (PRC) (Keyser et al., 1982; Dowdle and Bohlool, 1985). Fast 
growers were effective on wild soybeans (G. soja) and Peking, an 
undeveloped PRC cultivar, but were ineffective on most U.S. cultivars. 
Sadowsky et al. (1983) showed that even though these strains shared the 
ability to nodulate soybeans with slow growers, they were more closely 
related biochemically to other fast-growing rhizobial strains, but some 
traits were shared by both groups. 
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COMPETITION 
Overview 
Many research difficulties associated with practical and applied 
aspects of symbiotic Ng fixation deal directly with competition. 
Competition involves the struggle among bradyrhizobia for factors 
essential or stimulatory to their survival and function. These factors 
include the avoidance of lethal or inhibitory elements and may include 
nutritional, spatial, time, or other factors. Competition also involves 
interactions between and among bradyrhizobia and other occupants within 
their environment. This may occur between organisms of the same strain 
or with other strains, species, or genera of soil microorganisms and even 
indirectly with higher plants and animals. Survival is closely linked to 
competition but these terms are not entirely synonymous. Successful 
reproduction is essential for the strain or species to survive and, 
according to Veldkamp et al. (1984), individual microbes must also escape 
competition for available nutrients, capture available solute molecules, 
endure starvation as resources become depleted, and escape prédation. 
Competition is more intense within a niche where organismal needs 
are more similar than between niches. Intrastrain competition is, 
therefore, more severe than competition between individuals of different 
genera or families. Bradyrhizobial competition occurs a) throughout the 
soil; b) in the rhizosphere immediately surrounding plant roots; c) for 
specific infection sites on legume root hairs; and d) Inside the nodules 
(Lindemann et al., 1974). 
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During the growing season, few bradyrhlzobia actually find their way 
to a plant root, which may or may not be a compatible legume. Likewise, 
not all bradyrhizobia in the rhizosphere of a compatible cultivar are 
able to infect newly emerging root hairs and many infection threads 
actually abort before nodule formation is complete (Carlson, 1973). 
Competition with interrhizobial and nonrhizobial organisms occurs during 
saprophytic growth and early root infection, but intrarhizobial 
competition occurs during the entire life of bradyrhizobia, even during 
symbiosis within the host. 
Ecological work involves the difficulty of conducting research on 
microoganisms in their natural environments. The lack of suitable 
technology is a major limitation (Veldkamp et al., 1984; Wimpenny et al., 
1984; Schmidt and Robert, 1985). Alexander (1985) contends that basic 
research in this field focuses too heavily on the development of improved 
organisms. He feels that once the limiting ecological constraints are 
understood and corrected, progress will enable native and other presently 
available organisms to more closely achieve the potentials of Ng fixation 
suggested in many laboratory and greenhouse studies. Ecological research 
needs to distinguish between effects on the symbiotic as well as the 
nonsymbiotic (soybeans) or saprophytic (bradyrhizobia) systems and 
evaluate when these effects are important. 
Factors Affecting Competition 
Physical factors 
pH Norris (1965) tested over 700 rhizobial strains for their 
ability to produce acid or alkaline reactions on laboratory media. He 
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believed that rhizobia from acidic (tropical) or relatively alkaline 
(temperate) soils developed contrasting acid and alkaline metabolisms 
because of selective pressure to neutralize the pH extremes of their 
respective soil environments. He reasoned that acid production by 
rhizobia in acid soils could eventually be inhibitory; but In an alkaline 
soil, this might lower the pH enough to give them an advantage in the 
rhizosphere. Date and Halliday (1979) noted the importance of 
distinguishing between growth and tolerance of strains at a given pH. 
They also questioned whether differences In pH tolerance between strains 
with temperate or tropical origin had any major ecological implications. 
Plant exudates affect soil pH, especially in the rhizosphere. Nye 
(1981) reported differences of 1 to 2 pH units between the surfaces of 
roots and the soil only a few millimeters apart. He also showed plants 
tended to alter rhizosphere pH depending on the chemical nature of the N 
source. Low pH may inhibit bradyrhizoblal reproduction more than 
infection and subsequent nodule development (Mulder et al., 1977). 
Populations of bradyrhlzobia vary with soil pH. Serogroup 123 
dominates soybean nodules collected from neutral or acidic soils In che 
Midwest, whereas serogroup 135 is often restricted to soils with alkaline 
pH (Ham et al.. 1971a). Gross et al. (1979) characterized isolates of 
serogroup 135 that dominated alkaline soils in Nebraska and stated that 
these soils had Fe levels of less than 16 mg Fe kg~^ soil. 
Temperature Temperature Influences biological organisms mainly 
by Its effect on enzymes including protein structure, rates of chemical 
reactions, and other metabolic processes. Munevar and Wollum (1981) 
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described optimum, maximum permissive, and maximum survival temperatures 
for japonicum based on growth at 27 to 54°C. They observed that some 
strains were sensitive to temperature changes of only I.5"C and that 
several strains tolerated temperatures higher than those previously 
reported for Bradyrhizobium. All strains tested were tolerant of 34°C 
and few strains survived temperatures greater than 40°C. Strain USDA 123 
was sensitive to higher temperatures, which may partially explain its 
absence from soils in many southern states. Kvien and Ham (1985) 
documented that temperature influenced strain recovery in competition 
studies. Strain DSDA 140 was a poor competitor at all four temperatures 
tested (15, 20, 25, and 30°C); indigenous bradyrhizobia were hardest to 
displace at 20®C. Some legume cultivars nodulate differently over a 
narrow temperature range. For example, in peas (Pisum sativum), one 
cultivar formed nodules at 20®C but not at 26°C, a second cultivar formed 
nodules at 26°C but not at 20°C, while yet a third cultivar was well 
nodulated at both temperatures (Davis et al., 1986). 
Moisture Water often limits growth more than other factors 
because desiccation restricts nutrient uptake and inactivates enzyme and 
other metabolic functions. The moisture requirements of bradyrhizobia 
within nodules are met by the host. When drought or high 
évapotranspiration reduces the supply of available water, Ng fixation 
initially becomes limited by a decrease in photosynthate supply. Excess 
water in the soil fills pore spaces among matrix particles, slowing O2 
movement. Poorly drained soils usually have low redox potentials because 
microbes deplete Og from microsites and use other compounds as terminal 
electron acceptors. 
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Rhizobial survival is not linearly related to water potential. 
Fuhrmann et al. (1986) found clover rhizobia survived extreme desiccation 
better than intermediate desiccation. They believed that normal cell 
function occurred at -0.1 MPa; at -70 MPa, vital enzymes were still 
functional but probably being damaged; whereas at -500 MPa, enzymes were 
inactivated and not being further damaged. Differences exist in survival 
among strains of JB. japonicum undergoing matrix- or osmotic-induced 
moisture stress (Al-Rashidi et al., 1982). 
Susceptibility to water stress also varies with the physiological 
stage of host development. Rathore et al. (1981) reported that soybean 
tolerance to water stress later in the season was enhanced when the crop 
was stressed during earlier growth. Even though dry conditions during 
early vegetative growth reduced N content of the plant and leghemaglobin 
in the nodules, the number of bacteroids and grain yield were not 
affected. Drought during mid-bloom or rapid pod fill reduced seed size 
and protein content and resulted in lower yield and poorer seed quality. 
Salt tolerance Bernstein (1975) summarized two points of view 
regarding the mechanism of salt damage. Some researchers believe that 
osmotic effects adequately explain salt inhibition, whereas others are 
convinced that specific ions are associated with metabolic imbalances. 
Imbalances, however, are difficult to examine and document. 
Upchurch and Elkan (1977) reported differences in salt tolerance 
among strains of japonicum. Small dry colonies were more sensitive to 
45 mM NaCl or KCl than large, mucoid colonies. The small colonies also 
had higher nitrogenase activity (CgHg reduction). Singleton et al. 
(1982) showed that rhizobial growth was not inhibited until the 
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electrical conductivity of Che medium reached the equivalence of 28% sea 
water; however, sensitive strains survived 5-day incubations in saline 
solutions having the equivalence of 92% sea water. Singleton et al. 
concluded that, because legumes are much more sensitive to salt than 
rhizobia, salinity studies should concentrate on aspects of the symbiosis 
other than rhizobial survival. 
Early infection was reduced at low salt concentrations (27 mM NaCl) 
according to Singleton and Bohlool (1984). Fewer nodules formed 
suggesting damage to infection sites; but nodule mass was unchanged 
because of larger nodule size and specific nodule function was not 
inhibited until salinity reached 80 mM NaCl. This study was unique in 
that a split-root system was used to allow the measurement of salinity 
effects on the strains without simultaneously inhibiting the host. 
Chemical factors 
Pesticides, fertilizers, and pollutants are examples of man-made 
chemical compounds that may affect competition of bradyrhizobia. Gibson 
(1977) states that soybean nodulation and yield can be affected by 
herbicides containing trifluralin. Fungicides are recommended for use on 
mineral soils when seed germination falls below 85% and routine 
application is suggested for organic soils (Pendleton and Hartwig, 
1973). Fungicide seed treatments are discouraged, however, in fields not 
previously cropped with soybeans to avoid interference with 
bradyrhizobial establishment during inoculation. 
Kinkle et al. (1986) found large differences among .japonicum 
isolates in the minimum inhibitory concentrations of Cd, Cu, Ni, and Zn 
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when grown on laboratory media. The numbers of bradyrhizobia increased 
in field studies when sewage sludge was applied for 10 yr but no shift in 
serogroup distribution was observed. 
Biological factors 
Root exudates The rhizosphere is a zone rich in root 
exudates. The role of legume-nodulating bacteria as soil and rhizosphere 
inhabitants has been reviewed by Parker et al. (1977). Some strains show 
enhanced nodule occupancy when exposed to root exudates (Sadowsky et al., 
1986), suggesting that bradyrhizobia may differ in their ability to use 
various root exudates. Concentrations of root exudates giving optimum 
growth were 0.5 and 0.1% for fast- and slow-growing strains, respectively 
(Mahmoud and Angle, 1986). 
Recognition Physical presence near the root surface is essential 
for nodulation but nodule formation also depends on biochemical 
communication between bradyrhizobia and the soybean root. Detailed 
reviews on nodule development and recognition, including attachment and 
infection, have been published (Carlson, 1973; Bauer, 1981; Vance, 1983; 
Dazzo, 1984; Solheim, 1984). 
Soybeans are infected primarily through root hairs associated with 
either tap or lateral roots. Differences in chemotactic behavior may 
influence competition between strains because many organic compounds are 
excreted by roots into the rhizosphere (Parke et al., 1985). Reyes and 
Schmidt (1981) observed low bradyrhizobial numbers on the surface of 
germinating soybean roots, which decreased as roots expanded. They 
reported that competitiveness, when determined by nodule occupancy, was 
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not related to numbers of a serogroup in the rhizosphere during the early 
stages of infection. 
Attachment consists of two stages (Dazzo, 1984). Initial docking 
can occur within minutes after inoculation and seems to be reversible. 
The microsymbiont then becomes irreversibly anchored to the infection 
site. One model frequently used to explain recognition is the lectin-
binding hypothesis (Tsien and Schmidt, 1981). 
Bradyrhizobia gain entry into host cells between microfibrils by 
secreting pectinase, cellulase, or hemicellulase to degrade or soften the 
host cell wall (Hubbell et al., 1978; Martinez-Molina et al., 1979). The 
infected cell undergoes hypertrophy and its nucleus usually directs the 
infection thread towards the base of the cell (Carlson, 1973). Infection 
threads grow through cells within the root cortex forming one segment per 
cell until they enter cells that become tetraploid and serve as nodule 
primodia. One or more bacteria are then released from the infection 
thread, undergo mitosis, and are packaged into vesicles containing two to 
eight bacteria. Fixation of N2 begins about 2 to 3 weeks after infection 
when the bradyrhizobia stop dividing, have differentiated into 
bacteroids, and an adequate level of leghemaglobin has developed. 
The host may influence competition among bradyrhizobia by the 
chemical composition of receptors or by the development of infection 
threads. Attachment is thought to be controlled by the microsymbiont 
through its root-hair attachment genes (Dazzo, 1984). Soybean roots are 
more readily infected in the region of newly emerging root hairs and 
successful infection requires that cells of both symbionts be in the 
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proper stage of physiological development because the receptors of both 
exhibit transient susceptibility. Methylation of galactose residues 
during the stationary growth phase of japonicum may reduce their 
affinity for galactose-specific soybean lectins. Some strains seem to 
loose their lectin receptors when cultured on laboratory medium. Both 
partners probably secrete compounds that influence receptor sites on the 
cell surface of one another. 
Preexposure of soybean seedlings to bradyrhizobia has a pronounced 
effect on competition (Kosslak et al., 1983). Kosslak and Bohlool (1985) 
recently showed enhanced competition in favor of the strain that received 
initial exposure. Preexposure times as short as 2 h significantly 
increased nodule recovery of USDA 110 when challenged with DSDA 123. 
Inoculation The use of japonicum inoculum by commercial 
soybean growers in the Midwest is not recommended except in soils virgin 
to soybean production (Shroyer, 1978). Others have promoted inoculation 
as inexpensive insurance against nodulation failure (Lynch and Sears,-
1952). Inoculation manufacturers consider poor nodulation in the field 
to indicate a need for inoculant application and encourage farmers to 
carefully inspect soybean roots for nodule number, size, distribution, 
and internal color throughout the growing season (T. Wacek, Kalo, 
Columbus, OH and R. S. Smith, Nitragin, Milwaukee, WI; personal 
communications). 
Inoculant strains are fairly easy to establish in soils lacking 
indigenous bradyrhizobia (Abel and Erdman, 1964); but once a native 
population is established, the bradyrhizobia are difficult to displace 
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(Ham et al., 1971a; Boonkerd et al., 1978; Ham, 1980). Serogroup 123 is 
a relatively inefficient strain that is established and notoriously 
competitive throughout much of the soybean-producing region of the 
Midwest. Its competitiveness may be restricted, however, to soils that 
contain indigenous bradyrhizobia. Kosslak and Bohlool (1985) used soils 
from Minnesota and Hawaii to demonstrate that the efficient strain USDA 
110 outcompeted USDA 123, but only in soils lacking native 
bradyrhizobia. Further evidence illustrating the competitiveness of USDA 
110 was reported by Dunigan et al. (1984), where massive yearly 
inoculations of up to 10® cells cm~^ row eventually gave field recoveries 
of nearly 50% from nodules in Louisiana. 
Many different strategies exist for introducing inoculant strains in 
soils containing native bradyrhizobia: delaying inoculation (Skrdleta, 
1970), modifying inoculum rates (Johnson et al., 1965; Weaver and 
Frederick, 1974a, 1974b), short- and long-term massive inoculation 
(Kapusta and Rouwenhorst, 1973; Dunigan et al., 1984), cultivar testing 
(Kvien et al., 1981), plant breeding (Pulver et al., 1982), screening for 
environmental stress (Boonkerd and Weaver, 1982), using soil cores 
(Sylvester-Bradley, 1984), and even inoculation of a nonlegume crop (Gaur 
et al., 1980). General methods for applying legume inoculants have been 
reviewed by Brockwell (1977). 
The suitability of various inoculant carriers to store the strains 
from the time of manufacture until bradyrhizobia are applied in the field 
have been examined (Date and Roughley, 1977; Peterson and Loynachan, 
1981). Granular peat and finely-ground peat are traditional carriers 
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where available. Chao and Alexander (1984) proposed the use of mineral 
soil as a carrier because soil is effective. Inexpensive, widely 
available, and especially well-suited for use in many developing 
countries. The use of gels and other synthetic polymers for small- and 
large-seeded legumes has also been proposed (Jung et al., 1982). 
High temperatures and desiccation of inoculants during storage can 
drastically reduce the viability of bradyrhizobia. Potential inoculant 
strains should be screened for tolerance to these and other environmental 
factors (Munevar and Wollum, 1981; Boonkerd and Weaver, 1982; Chao and 
Alexander, 1984). Culture age can also affect symbiotic performance of 
strains (Bhuvaneswari et al., 1983). Guidelines for testing inoculant 
quality are discussed by Speidel and Wollum (1980). 
Other rhizosphere occupants Pathogens, predators, and other 
microoganisms can influence bradyrhizobial populations and Ng fixation. 
Diseased hosts often produce less photosynthate, which reduces energy 
provided to bradyrhizobia in nodules. Predators, such as protozoa and 
Bdellovibrio, can effectively reduce bradyrhizobial populations (Hossain 
and Alexander, 1984). Rhizosphere organisms can assimilate nutrients 
that may eventually contribute to dormancy or even death of 
bradyrhizobia. 
Field isolates of various actinomycetes influence some japonicum 
strains under laboratory conditions but their importance in the field is 
poorly understood (Damirgi and Johnson, 1966; Kosslak and Bohlool, 1985). 
Fuhrmann and Wollum (1986) found three fluorescent pseudomonad 
isolates that enhanced nodule occupancy of USDA 110 under conditions of 
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low Fe availability. This response occurred but was less pronounced for 
two of these isolates under high Fe conditions. Inoculation with 
Azospirillum brasilense, in pots of nonsterile soil, improved nodulation 
and grain yield (Singh and Subba Rao, 1979). The effects of other 
bacteria on bradyrhizobia in soybean rhizospheres have been evaluated by 
Smith and Miller (1974). Erwinia herbicola isolates delay nodulation for 
slow-growing variants of a rhizobial strain used to inoculate alfalfa 
(Handelsman and Brill, 1985). 
Even though many fungi are soybean pathogens, not all fungal 
infections are detrimental. A three-way synergism among soybeans, 
bradyrhizobia, and vesicular-arbuscular mycorrhizae (VAM) was observed 
(Carling et al., 1978; Bagyaraj et al., 1979). The proportion of legume 
roots infected with VAM was related to physiological growth stages 
according to Sutton (1973), who reported lag, log, and stationary 
infection phases in soybeans. Carling et al. (1979) noticed that early 
VAM infections coincided with nodule and tertiary root development. 
Increased plant growth was measured with VAM inoculation 6 weeks after 
planting. Hayman (1982) noted that a) low temperatures caused 
mycorrhizal associations to become mildly parasitic; b) increased light 
intensity enhanced arbuscule formation without increasing overall 
infection; and c) fungicide applications for increased yields may reduce 
infections by VAM fungi. 
Bacteriophage sensitivity has been used to study variability within 
serogroups of bradyrhizobia (Schmidt et al., 1986). In Louisiana, 
Hicks et al. (1983) found that two viral pathogens reduced both 
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nodulation and nodule function (CgHg reduction) in soybeans. Viruses may 
also influence strain competition in the field (Hashem and Angle, 1986)= 
Hossain and Alexander (1984) examined the ability of antibiotics and 
fungicides to enhance bradyrhizobial colonization of the rhizosphere 
through reduced microbial competition. Numbers of USDA 138 increased 
within 2 days after planting in nontreated soil, then rapidly declined. 
Becomyl-coated seeds slowed the rate of decline for japonicum in the 
rhizosphere and resulted in fewer total bacteria and protozoa. The 
smaller protozoan population was attributed to a reduction of prey and 
not to direct toxicity by the microbial inhibitor. Hossain and Alexander 
concluded that by using anti-microbial agents along with resistant 
inoculum strains, enhanced colonization of the soybean rhizosphere was 
possible. 
Cultivars The soybean host can influence the strain of 
bradyrhizobia that forms nodules and this factor must not be overlooked 
in competition studies. Kvien et al. (1981) determined germplasm 
variation of soybeans for recovery of introduced strains applied to soils 
in Minnesota. Introduced strains that had high nodule recovery were 
associated with increased grain yields, but the nodulation of a cultivar 
with native bradyrhizobia was not related to the ability to recover 
inoculum strains. Two soybean lines selectively favored recovery of USDA 
110 in soils with established native populations. The importance of 
testing each cultivar with individual strains was established. Pulver et 
al. (1982) compared the nodulation of U.S. cultivars with adapted 
cultivars in tropical soils with established populations of cowpea 
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bradyrhizobia that had not been previously cropped to soybeans. The 
locally adapted cultivars nodulated promiscuously with the native strains 
but had poor yields, whereas the U.S. cultivars did not nodulate with the 
cowpea strains and demonstrated good yield responses to inoculation. A 
plant breeding program to transfer the ability to nodulate with cowpea 
strains was proposed. 
Crop management Weaver et al. (1972) studied the effect of 
cropping practices on bradyrhizobial populations of 50 soils in Iowa. 
They found fewer than 10'^  bradyrhizobia g~^  soil in 80% of the fields not 
cropped to soybeans within 12 yr. The probability of finding soils with 
fewer than 10^  bradyrhizobia g~^  that hsd or had rot grown soybeans in 12 
yr was 10 and 70%, respectively. Eaglesham et al. (1982) reported that 
cowpeas (Vigna unguiculata) may add more N to tropical soils than 
soybeans, even though soybeans fix more Ng, because soybean seeds remove 
more N at harvest. Dowdle and Bohlool (1985) compared nodule occupancy 
between two Chinese soils; one soil cultivated to rice (Oryza sativa) and 
the other to soybeans. Nodule isolates from the rice and soybean soils 
were slow and fast growers, respectively. When soil dilutions were 
examined, the rice soil contained only slow-growing bradyrhizobia. Even 
though fast growers dominated dilutions from the soybean soil, slow 
growers were also present in a few dilutions. Some of the fast-growing 
isolates had similar symbiotic effectiveness as USDA 110 on both USA and 
Chinese cultivars. 
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FERTILITY 
The main goal in biological Ng fixation is to convert Ng from the 
atmosphere into organic nitrogenous compounds that legumes can use for 
enhanced grain yield or forage production. This can allow N reserves in 
the soil to be conserved and inputs of N fertilizer to be reduced. The 
effects of N fertilizers on the nutrition of legumes has been extensively 
reviewed (DeMooy et al., 1973; Gibson, 1977; Munns, 1977). 
Additions of combined N frequently reduce nodule numbers, mass, 
size, and CgHg reduction measurements of nitrogenase activity; often 
without affecting grain yields in field studies conducted in the Midwest 
(DeMooy et al., 1973). To obtain a yield response to N under field 
conditions, the level of available N in the soil needs to be low and 
other environmental factors nonlimiting (Gibson, 1977). Responses can 
vary from year to year and even within a season depending on the rates of 
nitrification, leaching, and denitrification. Even though tropical soils 
often respond with increased soybean yields from added N fertilizer, 
Bromfield and Ayanaba (1980) reported the absence of a response to 
incremental N additions because of leaching during heavy rains. Under 
conditions of low N availability, small amounts of starter N can result 
in increased N2 fixation by improving early crop growth (Gibson, 1977). 
A favorable climate, high levels of organic matter that provide soil N, 
plus carryover of fertilizer N applied to corn, probably all contribute 
to the high soybean yields found throughout the Midwest. Ureide 
concentrations in soybean xylem can distinguish between sources of N 
utilized and have been well correlated with N2 fixation and modulation by 
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efficient strains (Atkins, 1982; McNeil, 1982b). 
The effect of combined N on nodulation can vary depending on the 
cultivar and strain as well as the concentration and form of fertilizer 
used (Munns, 1977). Nitrate inhibits formation and curling of root hairs 
and causes abnormal infection treads to develop. Nitrite is thought to 
be the main inhibitor of nodulation by reducing nodule growth, size, 
leghemoglobin content, and rate of N2 fixation; NO2 also affects nodule 
structure. McNeil (1982a) found that low NOg concentrations inhibited 
nodule formation but that nodulation recovered unless these levels were 
maintained throughout the experiment. 
Bradyrhizobia differ in their tolerance to NOg, but attempts to 
select for NO^  tolerance by isolating bradyrhizobia from nodules grown in 
the presence of high NO3 have not been successful (Evans, 1982;.McNeil, 
1982a). McNeil (1982a) reported inhibition of infection by all 
japonicum strains tested at 20 mM NOg but no effect on nodule function 
(€2^ 2 reduction) when applied after nodulation was established. At low 
(0.5 mM) and medium (2.0 mM) NO^  levels, the strains differed in 
their NOg tolerance. For example, strain CB1809 was very tolerant 
(nodulated well), USDA 138 was very sensitive (did not nodulate), while 
USDA 110 was intermediate (nodules did form but nodule function was lost 
within one day). McNeil concluded that research on soybean genetics to 
overcome NOg inhibition would probably be more productive than screening 
strains of japonicum. Kosslak and Bohlool (1985) found that 
added NO^  altered the competitive pattern between USDA 123 and USDA 110 
in soils. High rates of added N severely reduced soybean nodulation in 
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three Canadian field soils but did not reduce numbers of bradyrhizobia and 
only had slight effects on serogroup distribution (Semu et al., 1979). 
Another important aspect of the N cycle, nearly the opposite of N2 
fixation, is the loss of N back to the atmosphere by denitrification. 
Differences exist among bradyrhizobia in NOg reductase (NOg-R) (O'Hara and 
Daniel, 1985). Aerobically, NO^ -R is used to assimilate NOg as a N 
source, whereas anaerobically it has a dissimilatory function 
with NOj being an electron acceptor for generation of energy 
during NO^  respiration. The main factor controlling denitrification 
enzymes seems to be O2 rather than NO^ . Organisms with NOg-R that 
lack NO2 reductase (NO^ -R) accumulate toxic NO^ . Complete denitrification 
to Ng requires NgO reductase (NgO-R). Van Berkum and Keyser (1985) 
reported that about 85% of over 300 strains tested could grow 
anaerobically with NO^  present. Observations concerning denitrification 
for specific serogroups of ^  japonicum strains are summarized in Table 2. 
Denitrification may enhance saprophytic survival for many 
bradyrhizobia by allowing growth under anaerobic conditions. High 
populations of around 10^  g  ^soil at planting provides evidence that 
bradyrhizobia are competitive saprophytes, not only tolerant of wet soil 
conditions in early spring but also of residual NO^  carried over from 
fertilizer additions to previous crops in the rotation. It seems unique, 
and yet ironic, that bradyrhizobia should be so intimately associated 
with these two extremes of the N cycle. As mentioned by O'Hara and Daniel 
(1985), this topic forces researchers to question the notion that 
diazotrophs are always agriculturally beneficial. 
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Table 2. Practical implications regarding denitrification metabolism for 
soybean rhizobia^  
Observation Evidence 
1. Some bradyrhizobia are 1. USDA 135 was unable to grow 
incapable of denitrification. anaerobically with 
NOj present. 
2. Denitrification may help explain 
induced chlorosis in soybeans. 
2. Chlorosis-inducing strains USDA 
94 and USDA 76 liberate NO2; 
have dissimilatory NOg-R but 
lack NO2-R. 
3. Some strains express only 3. USDA 33 utilizes NOg aero-
assimilatory NO^ -R. bically but is incapable of 
NOj respiration. 
4. Effective symbiosis may be 
required before constitutive 
NO^ -R can be expressed in 
bacteroids. 
4. USDA 24 is ineffective on 
Williams soybeans; 
denitrifies in free-living 
state but not as bacteroids. 
5. Fast-growing soybean rhizobia 
differ in denitrification 
compared with other rhizobia. 
5. Several fast-growing strains 
from China were capable of 
denitrification but this has 
not yet been observed for other 
species of fast growers. 
A^dapted from Van Berkum and Keyser (1985). 
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FIELD SURVEYS 
Numerous surveys have characterized the size and composition o f  
Indigenous bradyrhlzoblal populations In field soils. Surveys are needed 
to understand the background populations against which the Introduced 
strains must compete. Numbers at planting usually range 
from 10^  to 10^  bradyrhlzobla g  ^soli In the mldwestem and southern USA 
(Weaver and Frederick, 1974b; Bolllch et al., 1982). These numbers 
gradually Increase throughout the summer to 10^  to 10? 
bradyrhlzobla g~^  (Moawad et al., 1984; Berg and Loynachan, 1985). 
Weaver et al. (1972) showed that numbers of native bradyrhlzobla In Iowa 
were not correlated with soil properties. Few If any bradyrhlzobla are 
expected In soils where soybeans have not been grown; however, 
10^  to 10^  bradyrhlzobla g  ^soil were found In virgin tallgrass-pralrle 
soils In the Midwest (G. E. Ham, Kansas State Univ., personal 
communication ). 
An early survey by Johnson and Means (1963) concluded that most 
soils were dominated by one or two serogroups. Damlrgl et al. (1967) 
showed that soils in Iowa were dominated by four serogroups that included 
cl (USDA 3), c3 (USDA 31), 123, and 135. Caldwell and Hartwlg (1970) 
observed In soils of the southeastern USA that populations In an area 
were similar but not identical and that soybean yields were not affected 
by serogroup distribution. Changes in serogroup distributions throughout 
the growing season prompted Caldwell and Weber (1970) to caution against 
using prolonged sampling periods and to suggest strict adherence to 
uniform sampling schedules. A survey of serogroup 135 isolates from 15 
33 
sites in Nebraska showed that each site was generally dominated by a 
single plasmid group (Gross et al., 1979). 
There is diversity within individual serogroups. Johnson and Means 
(1963) observed that 19 to 25% of the nodules they sampled from soils in 
Iowa reacted exclusively with antiserum prepared against USDA 123, but 
when multiple reactions were included, the proportion that reacted with 
123 antiserum increased to 66 to 77%. Gibson et al. (1971) characterized 
Iowa isolates with multiple agglutination reactions and documented the 
presence of strains similar to USDA 127 and USDA 129, all belonging to 
serogroup 123 (Date and Decker, 1965). Recent results for serogroup 122 
have documented the presence of nodules reacting with various 
combinations of USDA 122 and USDA 142 in Iowa (Berg and Loynachan, 
1985). The heterogeneity of serogroup 123 was confirmed by noting 
differences in the protein-banding patterns of isolates (Noel and Brill, 
1980; Rickey et al., 1985: Kamieker and Brill, 1986). Serogroup 123 
consists of bradyrhizobia having a common surface somatic antigen but 
which are quite different in other respects. Schmidt et al. (1986) 
proposed the term "serocluster" to explain these relationships. 
The reasons for serogroup diversity are poorly understood. Does 
long-term cropping result in the establishment of a population that is 
heterogeneous and able to nodulate a wide range of cultivars (Caldwell 
and Weber, 1970)? Is adaptive mutation occurring in the progeny of a 
single or several introduced strains established from previous 
inoculations (Gibson et al., 1971)? Lie and Goktan (1984) measured 
genetic variation between European and Middle Eastern strains of 
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Rhizobium leguminosarum biovar pisum. They found greater genetic 
variation for strains from the Mediterranean center of origin and 
concluded that selection and domestication resulted in more uniformity 
among the European strains. 
Soil properties seem to have little influence on serogroup 
distribution. A few trends exist in some studies, but except for the pH 
effect on the dominance of serogroups 123 and 135 in the Midwest, most 
results are inconsistent (Ham et al., 1971b; Bezdicek, 1972). Soil 
properties common to sites in Nebraska with serogroup 135 dominating 
included high pH, high electrical conductivity, and high Na, but low Fe 
and low Mn (Gross et al., 1979). Differences in protein-banding patterns 
among isolates at various depths within soil profiles have been reported 
(Noel and Brill, 1980). Soil types are sometimes confounded with 
cultivais in field survey work. 
Discovery of the hydrogen uptake (Hup) system in some japonicum 
strains prompted research to determine if the Hup phenotype was 
associated with serogroup distributions. Over 75% of the native 
bradyrhizobia in major soybean-producing areas of the USA possessed the 
relatively inefficient Hup- phenotype (TJratsu et al., 1982; Keyser et 
al., 1984). Variation in hydrogenase capability was observed among and 
within serogroups. No Hup+ isolates were found in serogroup 135 while 
93% of the isolates in serogroup 122 were Kup-i-. 
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METHODOLOGY 
Laboratory and Field Guidelines 
Field and laboratory guidelines dealing specifically with #2" 
fixation research have been established (Vincent, 1970; Brockwell, 
1980). Microbial populations are dynamic and soil microbiologists need 
to realize that qualitative and quantitative changes may occur during 
collection, transport, and storage of samples (Stotzky et al., 1962). 
Methods for measuring the amount and rates of Ng fixed by legumes were 
reviewed by Hardy and Holsten (1977); these include total N, and 
acetylene reduction. One procedure uses the difference in yield and N 
content between a nodulated and nonnodulated host to calculate the 
relative amounts of N provided by the symbiosis. The most accurate 
measurements are obtained by using but high isotope costs and the 
sophisticated equipment needed severely restrict its use. Eaglesham et 
al. (1982) compared results from and the difference method with 
nodulated and nonnodulated legumes and found both methods gave similar 
results in the field. They favored the difference method because of its 
simplicity. 
Immonology 
Agglutination, immunodiffusion, and immunofluorescence are important 
techniques for the identification and characterization of japonicum 
(Dudman. 1977; Vincent, 1970). Early methods required that nodule 
isolates be streaked on laboratory medium and incubated before typing. 
Time, labor, and problems with contamination were reduced in the quick 
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agglutination method of Johnson and Means (1964). With this method, 
single nodules are crushed in buffer and heated at 100°C in a water bath 
for 30 min to destroy nonspecific, heat-labile flagellar antigens, which 
are less stable than the somatic antigens. Date and Decker (1965) 
devised a classification scheme based on key antisera and polyvalent 
mixtures that is still widely used today. Somasegaran et al. (1983) 
determined that oven-dried nodules were suitable for agglutination and 
Immunofluorescence assays. The same sample material can be used for 
nodule dry weights and then typed, but the material is not suitable for 
immunodiffusion nor can viable nodule isolates be streaked. 
Immunofluorescence techniques, initially developed to study fungi, 
were adopted by Schmidt et al. (1968) for direct observation of free-
living bradyrhizobla In soils. Adsorption of the fluorescent dye by soil 
particles can cause under-estimation during enumeration studies. 
Kingsley and Bohlool (1981) found that an extracting solution of 
partially hydrolyzed gelatin diluted in 0.1 M (NH^ )2HP0^  improved the 
release of rhlzobia from tropical soils, Llndemann et al. (1974) used 
immunofluorescence to demonstrate that doubly Infected soybean nodules 
contained bradyrhizobla from more than one serogroup. 
Enzyme-linked Immunosorbent assay (ELISA) Is a very sensitive and 
widely used method for qualitative and quantitative serological 
measurement of legume nodule occupants (Klshlnevsky and Gurfel, 1980). 
The sensitivity of this enzyme-conjugated system, which can be enhanced 
by using a fluorescent substrate. Is comparable to radioimmunoassay; 
however, the conjugant is stable longer than Isotopes and simpler 
37 
equipment is required (Morley and Jones, 1980). Modifications needed for 
routine use have been described by Fuhrmann and Wollum (1985). 
Antibotic Resistance 
Use of genetic markers that confer resistance to antibiotics is 
another important tool to evaluate competitiveness of introduced 
strains. Two questions should be answered. Is the native population 
tolerant of the antibiotic at the level being used? Is the mutant strain 
altered significantly from the parent strain in competitiveness, 
efficiency, or other important trait? Schwinghamer (1967) showed that 
rhizobial mutations affected symbiotic behavior in some legumes. He 
found little or no, partial, or even full loss of infectivity depending 
on the antibiotic and the strain. Conversely, Schwinghamer reported a 
reversion where a noninfective mutant regained its nodulating capacity. 
He believed streptomycin was the most useful marker because of the high 
level of resistance obtained and its mode of action. Resistance at 
concentrations 30 to 50 times greater than tolerated by the parental 
strain are common with streptomycin, compared with a typical increase of 
3 to 5 times greater for other antibiotics. Streptomycin affects 
ribosomal subunits inside the cell and inhibits protein symthesis (Misato 
and Yoneyama, 1982). Mutations that alter cell wall synthesis could 
Influence symbiotic compatibility by interfering with receptor sites on 
the cell surface. Symbiotic effectiveness in B. .japonicum mutants with 
single or double antibiotic markers for streptomycin, spectinomycin, and 
rifampicin probably do not differ dramatically from their parental 
strains (Schwinghamer and Dudman, 1973; Levin and Montgomery, 1974; 
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Regensburger and Hennecke, 1984). 
Many strains tolerate low levels of various antibiotics 
intrinsically. Identification based on differences in resistance 
patterns has been proposed but overlapping patterns and poor 
reproducibility cast doubt on the usefulness of intrinsic resistance for 
strain identification (Josey et al., 1979; Antoun et al., 1982; Kremer 
and Peterson, 1982). 
Competition Models 
Several models to describe strain competitiveness, predictions of 
inoculum dose, and the effects of environmental factors on competition 
have been proposed. Dunigan et al. (1984) reported a regression equation 
for recovery using massive doses of USDA 110 over time; 5% of the first 
year's nodules contained the inoculant strain and this increased 7% each 
year thereafter for 6 yr. Weaver and Frederick (1974b) reported that the 
percentage of nodules formed by inoculant strains was linearly correlated 
to the number of _B. japonicum in the inoculum. They gave an adjustment 
for the size of the native population and important soil properties. 
This adjustment varies for each strain and soil (Amarger, 1984), who 
described a quadratic response that related the ratio of the bacterial 
numbers for two competing strains with the ratio of the proportion of 
nodules formed by each strain. Amarger stated that this approach is 
similar to Freundlich adsorption isotherms where the amount of adsorbed 
material varies as a function of its concentration in solution. Hence, 
bacteria that adhere the strongest to the roots are assumed to be the 
most competitive strains. With Amarger's model, only the reference 
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strain needs to be marked, the native population in a soil acts like a 
single strain, and dry matter or chlorosis of the soybean plant can be 
substituted for the number of effective nodules if there is a known 
quantitative relationship between the two. 
Olivares et al. (1980) suggested the use of nodulation inhibitors in 
time-course studies to obtain a coefficient of infectivity for each 
strain. They proposed this to be simpler than other tests of 
Competency. Further, they believed other tests do not truly indicate the 
infectivity of a test strain because infection sites may be limiting. 
The method of Olivares et al. supposedly only inhibits bradyrhizobia that 
have not penetrated inside the root cortex. Preliminary tests for dose, 
suitability, and type of inhibitor are essential to verify that the 
inhibitor is effective against the test strain without damaging the host. 
Statistics 
Proper experimental design and data analysis are important in 
applied research. Peterson (1977) discussed correct use of multiple 
comparison procedures and suggested alternate ways of evaluating 
factorial experiments and experiments with quantitative, linear-treatment 
combinations. Lee and Rawlings (1982) stressed the importance of 
accounting for variation within and between equipment like growth 
chambers and the need for proper blocking with space and time. Lin and 
Binns (1986) provided guidelines for designing research experiments 
regarding the optimum combination of replications and plot size based on 
a field-soil heterogeneity index. 
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ABSTRACT 
The competitiveness of 22 Bradyrhizobium japonicum strains against 
indigenous organisms was evaluated in field studies over a 3-yr period. 
The objective of this research was to determine which, if any, of the 
introduced strains could compete against the native bradyrhizobia in 
forming nodules on a commonly grown Iowa soybean cultivar [Glycine max 
(L.) Merr.] when introduced at standard rates for granular inoculants. 
Then, if competitive strains were found, to determine whether higher 
nodule occupancy contributed to improved plant growth. Plots were 
established on four representative soils in northcentral Iowa [Canisteo, 
fine-loamy, mixed (calcareous), mesic Typic Haplaquoll; Dinsdale, fine-
silty, mixed, mesic Typic Argiudoll; Nicollet, fine-loamy, mixed, mesic 
Aquic Hapludoll; and Webster, fine-loamy, mixed, mesic Typic Haplaquoll], 
and were planted to Corsoy soybeans. Seven to 12 strains were introduced 
in two or three soils each year from 1983 to 1985 at approximately 10^  
viable cells cm~^  of row. Results showed that strain recovery ranged 
from 0 to 46% and that at least one strain occupied 18% or greater of the 
nodules in each soil; recovery was delayed, however, in the alkaline 
Canisteo soil. Introduced strains differed in their competitive ability 
among the soils tested but strains AN5, M6, AN8, ANIO, AN14, AN21, AN22, 
AN23, AN27, AN29, and AN30 gave the most favorable recovery. When 
considering all members of each serogroup tested, strains from serogroup 
123 were among the best competitors. Nodule occupancy by the introduced 
strains had little influence on plant growth, suggesting that the native 
bradyrhizobia were as efficient in fixing N2 as the introduced strains. 
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A nodulated Clark isoline (tested only in 1985) produced 30 to 40% 
greater grain yield and forage N than its nonnodulating isoline. The 
addition of 165 and 330 kg N ha ^ as urea increased grain yields 4 to 
24%, statistically significant 2 yr for Nicollet and Dinsdale soils but 
not for Webster or the alkaline Canisteo soil. 
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INTRODUCTION 
Inoculation enhances soybean [Glycine max (L.) Kerr.] productivity 
in many soils that lack native bradyrhizobia, but displacement of 
established populations by inoculation has been difficult (Abel and 
Erdman, 1964; Ham, 1980). Highly competitive but relatively inefficient 
Bradyrhizobium .japonicum persist in soils throughout the Midwestern USA 
(Ham, 1980; Keyser et al., 1984). Several approaches have been attempted 
to increase establishment of introduced strains, including changing the 
time of inoculation (Skrdleta, 1970; Kosslak and Bohlool, 1985), 
increasing inoculum rate (Johnson et al., 1965; Weaver and Frederick, 
1974a; 1974b), screening cultivars and strains for compatibility and 
tolerance of environmental stresses (Kvien et al., 1981; Munevar and 
Wollum, 1981; Boonkerd and Weaver," 1982; Pulver et al., 1982; Chao and 
Alexander, 1984), plant breeding (Devine, 1984; Keyser and Cregan, 1984), 
and even prior inoculation of nonlegume crops (Gaur et al., 1980). In 
the field, increased recovery of introduced strains on a commercial 
cultivar has only been moderately successful in massive inoculation 
trials (Kapusta and Rouwenhorst, 1973; Weaver and Frederick, 1974b; 
Dunigan et al., 1984). 
Much is being discovered about the nodulation (nod) and nitrogen 
fixation (nif) genes of soybean bradyrhizobia (Appelbaum et al., 1985; 
Hennecke et al., 1985). The factors controlling competitiveness of these 
organisms in soil, however, largely remain unclear (Dowling and 
Broughton, 1986). If bradyrhizobia can be successfully altered to 
improve N^-fixation ability, how will these bacteria perform when applied 
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in field situations? With the large diversity of ecological niches and 
habitats present in soil, one approach is to screen for competitive 
strains in the field and then manipulate those competitive strains in the 
laboratory with the desirable genes that improve N2-fixation 
efficiency. Also, the competitive strains in the field must be able to 
compete against the indigenous organisms when added at numbers that are 
economically feasible, and not in massive inoculation doses. 
This research evaluated the competitiveness of japonicum strains 
under field conditions on four soils during 3 yr (seven environments) in 
northcentral Iowa. Yield, total nodulation, and bradyrhizobial recovery 
from soybean nodules were determined on 22 experimental test strains, 
which were selected in greenhouse evaluations and contained antibiotic 
markers to help distinguish them from indigenous bradyrhizobia. The main 
objective of this research was to determine whether introduced strains, 
when added at standard inoculation rates, were competitive against 
previously established bradyrhizobia native to Iowa soils. Then, if 
competitive strains were found, to determine if they contributed to 
improved soybean growth. 
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MATERIALS AND METHODS 
Soils 
Soils were sampled at planting to a depth of 25 cm and characterized 
chemically (Table 1) by the Iowa State University Soil Testing Laboratory 
(Ames, lA). The native bradyrhizobial populations were estimated by the 
most-probable-number (MPN) method (Weaver and Frederick, 1972). To 
further characterize the native populations, nodules were collected 
during early reproductive growth (R1 to R2) from noninoculated control 
plots and analyzed by agglutination serology (Vincent, 1970). Nodule 
occupants were reacted with antisera (ABSCO, Colorado Springs, CO), 
prepared against somatic antigens from strains 142, 138, 135, 123, 122, 
110, 94, 76, 31, and 6 (USDA, Beltsville, MD). 
The soils were all Mollisols and ranged in texture from loam to clay 
loam and in pH from 5.9 to 7.9. The highest pH soil (Canisteo, 1983) 
contained free CaCOg and was only used in the first year of the study. 
The Webster soil (1985) had been cropped to a corn (Zea mays)-oat (Avena 
sativum)-soybean rotation, whereas the other soils were in a corn-soybean 
rotation. 
Strains 
The strains used in these studies were initially provided by the 
Allied Corporation (Syracuse Research Laboratory, Solvay, NY). Field 
work the second and third years used strains that looked promising the 
first year or strains that performed well in greenhouse evaluations (data 
not shown) and were used to replace strains that did not perform well in 
the field. Therefore, strains varied each year of the study as more 
Table 1. Native bradyrhizobial populations and properties of soils® used 
for the field competition evaluation 
1^83 
Nicollet Dinsdale Canisteo 
Bradyrhizobium 
MPN^ 5.5 5.6 5.4 
Serogroup (%)^ 
135 0 0 34 
123 26 56 42 
122 38 45 4 
110 0 0 0 
94 13 6 0 
76 4 0 0 
c3 0 0 0 
cl 17 17 9 
Soils® 
pH 6.8 5.9 7.9 
Organic matter 41 33 53 
Available P 27 14 25 
Available K 84 81 99 
Extractable Zn 8 6 7 
Extractable S 1 2 3 
^Nicollet is a fine-loamy, mixed, mesic Aquic Hapludoll with loam 
texture; Dinsdale is a fine-silty, mixed, mesic Typic Argiudoll with 
silty clay loam texture; Canisteo is a fine-loamy, mixed, (calcareous) 
mesic Typic Haplaquoll with clay loam texture; and Webster is a fine-
loamy, mixed, mesic Typic Haplaquoll with clay loam texture. 
^PN = most probable number (log cells g ^ soil). 
^Based on 24, 80, and 50 nodules per soil in 1983, 1984, and 1985, 
respectively. Serogroup designations represent USDA strains used to 
prepare antigen(s) (c3 = USDA 31, cl = USDA 6 and USDA 138, 122 = USDA 
122 and USDA 142). 
^Not determined (ND). 
®pH was 1:1 soil to H2O: Organic matter (g kg ^) was by the Mebius 
method; P (mg kg" ) was by Bray PI, K (mg kg" ) was by 1^ NH^OAc 
extraction, Zn (mg kg ) was by DTPA extraction, and S (mg kg~^) was by 
Ca(H2P0^)2 extraction. 
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1^|84 1985 
Nicollet Dinsdale Nicollet Webster 
6.0 4.8 4.8 5.2 
0 3 ND^ ND 
59 59 57 49 
30 17 41 39 
6 16 2 11 
0 1 ND ND 
1 1  2  0  
3 1 0 3 
3 13 4 5 
6.4 6.4 6.1 6.3 
26 31 39 41 
20 12 41 76 
99 115 132 168 
13 4 2 
1 5 8 
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information was obtained on field competitiveness. 
The strains of introduced B. japonicum contained single or double 
antibiotic markers and represented a wide range of serogroups from 
diverse origins (Table 2). Antibiotic resistance was developed by-
spontaneous mutations, and the levels of resistance varied with the 
antibiotic. Strains were tested a minimum of I yr in two soils; one Iowa 
strain (AN3) was tested 3 yr in seven soils. Standard granular inoculant 
(SG) was tested each year to determine relative soybean growth 
O 
responses. Strains were formulated in granular-peat inocula (ca. 10 
cells g~^ inoculum) by the Nitragin Company (Milwaukee, WI). 
Stock cultures of AN strains were maintained on yeast extract-
mannitol slants at 4°C and were used to verify identification of nodule 
isolates. 
Treatments 
Certified Corsoy 79 soybeans were planted in four-row plots (five 
rows in 1985) with 8-m rows and 76-cm row spacings (the Canisteo soil in 
1983 had 96-cm row spacings). Plots were hand-seeded with a cone planter 
(Planter Junior, Urbana, IL) fitted with a Candy box (Owatonna, Mî\) to 
provide uniform distribution of seed and inoculum. Strains were applied 
at 6 g of inoculum per 10 m of row. The use of two Candy boxes hastened 
planting by allowing one box to be disinfested with ethanol and air-dried 
while the second box was used to plant the next treatment. Each plot was 
surrounded by a 1.5-m border, and cultivation was delayed for 3 weeks 
after emergence. Plots were hand—hoed and rototilled as needed for weed 
control. 
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Table 2. Bradyrhlzobium japonicum strains used for field competition 
evaluations in Iowa soils 
Sero- Antibiotic* Hydro- Year Evaluated 
Strain group Origin Marker genase 1983 1984 1985 
ANl 110 lA S:R + X 
AN2 110 lA S:R - X 
AN3(= 110 lA K:R - X X X 
AN5 123 UK*^ K:S - X X 
AN6 110 IL S:R - X X 
AN8 UK MN S - X 
ANIO 123 UK S - X 
ANll 123 MN S - X X 
AN14 122 MS K:S - X X 
AN16 c3 IN S:R - X X 
AN17 94 GA K;R - X 
AN18 c3 GA K:R - X 
AN19 c3 SC K:Na - X 
AN20 c3 AR K:Sp - X 
AN21 76 LA K - X 
AN22 c3 LA K - X 
AN23 c3 OH S - X X 
AN25 cl IL S:Ne - X 
AN27 110 lA S - X 
ÀN28 ci DE K;5p - X 
AN29 UK lA K:Sp - X 
AN30 c3 IN S - X 
SG® mixed mixed S mixed X X X 
^Antibiotics and concentrations (mg L ) used were K = Kanamycin 
sulfate (500), Na = Naladixic acid (500), Ne = Neomycin sulfate (100), R 
= Rifampicin (100 in 1983, 200 in 1984, 150 in 1985), S = Streptomycin 
sulfate (500), and So = Spectinomycin sulfate (1,000 in 1984, 500 in 
1985). 
^Hydrogen uptake positive (+) and negative (-) strains exhibit >1.0 
and <0.05 yil uptake g nodule fresh weight h~ , respectively. 
"^ANS had a single Kanamycin marker in 1983. 
^Unknown (UK). 
"Standard granular peat inoculant provided by the Nitragin Co., 
Milwaukee, WI. 
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Soybeans were sampled at flowering during July each year to measure 
nodulation and nodule occupancy. Boots to be used for strain recovery 
were placed in sterile whirlpak bags and kept on ice while in the field, 
then stored at -15"C in the laboratory until analyzed. In 1983, five 
plants per plot were randomly collected both at flowering and at late-pod 
fill; whereas in 1984 six plants and in 1985 ten plants were sampled but 
only at flowering. 
One row of each plot was cut with a forage harvester in 1985 (the 
fifth row) at R6 just prior to leaf senescence. Grain yield, adjusted to 
13% moisture, was obtained at maturity from the middle two rows (9 m^) of 
each plot in all years. Total N for seeds (1984) and forage (1985) was 
analyzed by pyrolysis at Allied's Syracuse Research Laboratory. 
Nodule occupancy of the introduced strains was measured in 1984 and 
1985 according to the methods of Lieberman et al. (1986). The use of 16 
nodules plant ^ from each of six and ten plants resulted in 96 and 160 
nodules plot ^ being typed for each soil in 1984 and 1985, respec­
tively. In 1983, a more tedious procedure was used. Six nodules from a 
single plant were individually typed on selective media and the serology 
of each nodule was verified by using agglutination serology. Positive 
identification was not acknowledged in 1983 unless both serology and 
growth on selective medium agreed with expected results. Studies were 
conducted each year to verify that indigenous bradyrhizobia from control-
plot nodules were susceptible to the levels and types of antibiotics 
being used to estimate recovery. 
Treatments consisted of introduced (AN) strains, a noninoculated 
control (CK), and a standard commercial inoculant (SG), and were 
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established in a randomized block design with four replications in 1983 
and a 4 X 4 lattice-square design with five replications the other 2 
yr. Plots served as experimental units (EU). The CK and SG treatments 
received double replication in each block in 1984. Each soil had 10 
treatments (40 EU) in 1983 and 14 and 16 treatments (90 EU) in 1984 and 
1985, respectively. 
Nitrogen response from a split-application of 330 kg N ha ^ as urea, 
with the first half applied at planting and the remainder incorporated at 
flowering, was used to help evaluate soil-N status. In 1984, only 165 kg 
N ha~^ at planting was used. In 1985, Ng-fixation efficiency was 
evaluated by using nodulating (Nod+) and nonnodulating (Nod-) Clark 
isolines. 
Contrasts examined were the influence of treatments, soils, and 
treatment-by-soil interactions. Treatment contrasts included the effects 
of introduced (AN) strains, the symbiotic capacity of Clark germplasm, a 
commercial inoculation response for Corsoy, and the N addition vs. 
noninoculated control (CK). 
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BESULTS AND DISCUSSION 
Competition 
Many studies have shown that strain recoveries can be increased in 
soils containing indigenous bradyrhizobia when inoculants are added at 
high rates. For example, Weaver and Frederick (1974b) suggested that in 
order for the inoculant strain to form 50% of the nodules in Iowa soils, 
the inoculum should be supplied at rates to give 1000 times the number of 
—1 —1 bradyrhizobia seed as found g soil. The seven soils used in this 
work averaged 5.5 log bradyrhizobia g ^ soil (Table 1). If a granular 
inoculant contained 10® organisms g ^, and seeds were planted at 3.5 x 
10^ ha it should take greater than 1100 kg ha ^ of inoculant to 
achieve 50% nodule occupancy by the introduced strains. In these 
studies, the 22 strains that had previously been screened in the 
greenhouse for competitiveness were added at a more standard inoculant 
rate of 7.8 kg ha 
All but AN2 and AN17 of the introduced strains were reisolated from 
Corsoy nodules (Tables 3-5). Strains differed in their 
competitiveness: AN5, AN6, AN8, ANIO, ANll, AN14, AN21, AN22, AN23, 
AN27, AN29, and AN30 were the most competitive. Competitive differences 
both among and within the serogroups represented were clearly evident in 
most soils tested. 
Strains that belonged to serogroup 123 (AN5, ANIO, and ANll) were 
adept at occupying Corsoy nodules. Strain AN5 was competitive in all 
three soils in 1983. Strain ANIO performed well in 1983 but only in 
nonalkaline soils. Both AN5 and AMIO had similar recoveries in Nicollet 
Table 3. Recovery of Bradyrhizobium japonicutn strains and grain yield of 
Corsoy soybeans in 1983 
Strain recovery 
Treat- R2 R6.5 
ment Nicollet Dinsdale Canisteo Avg Dinsdale Canisteo Avg 
(%)• 
ANl 0® 0 0 0 4 4 4 
AN2 0 0 0 0 0 0 0 
ANS 0 8 0 3 0 12 6 
AN5 21 11 0 11 4 29 17 
AN6 17 4 4 8 4 0 2 
ANIO 29 25 0 18 12 4 8 
AN14 4 4 4 4 8 8 8 
SG 17 4 0 7 8 16 12 
CK NA NA NA NA NA NA NA 
Soil Avg 11 7 1 6 5 9 7 
EMS^ 171 122 18 176 130 144 288 
CV(%)C 119 153 409 156 208 128 157 
CONTRASTS 
Among AN * NS * NS * NS 
123 vs. nonl23 ** ** NS ** NS * NS 
Between 123 NS NS NS NS NS ** NS 
Among 110 NS NS NS NS NS NS NS 
^Values for each soil are averages of four replicated field plots 
(NA = not applicable). 
°EMS = Error Mean Square with 21 df for strain recovery in each 
soil(i4 and 7 df at R2 and R6.5, respectively), df for grain yield was 26 
for each soil and 18 for Avg. 
'^CV = Coefficient of Variation. 
*)**'^Significant at the 0.05, 0.01, and 0.10 probability levels, 
respectively (NS = not significant). 
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Grain yield 
Nicollet Dinsdale Canisteo Avg 
-(Mg ha~^)-
3.14 
3.10 
3.32 
3.00 
3.25 
3.31 
3.27 
3.36 
3.17 
3.21 
0.06 
7.9 
2.90 
2.86  
3.14 
3.31 
2.87 
2.90 
3.06 
3.05 
2.87 
2.97 
0 . 1 1  
10.7 
2.88 
2.94 
3.17 
3.08 
3.18 
3.22 
3.36 
2.69 
2.97 
3.05 
0 . 1 1  
10.7 
2.97 
2.97 
3.21 
3.13 
3.10 
3.14 
3.23 
3.03 
2.97 
3.07 
0 . 1 1  
9.5 
NS 
NS 
# 
NS 
NS 
NS 
# 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
Table 4. Recovery of Bradyrhlzobium .japonicum strains, grain yield, and 
seed N of Corsoy soybeans in 1984 
Treat­ Strain recovery Grain yield 
ment Nicollet Dinsdale Avg Nicollet Dinsdale Avg 
— (%) (Mg ha 1) — 
AN3 1^ 0 tr 2.94 2.28 2.61 
AN6 9 9 9 2.74 2.31 2.53 
ANll 18 29 23 2.71 2.40 2.55 
AN16 tr 1 tr 3.00 2.28 2.64 
AN17 0 0 0 2.95 2.19 2.57 
AN18 tr 0 tr 2.90 2.33 2.62 
AN19 tr 0 tr 3.07 2.24 2.66 
AN20 4 tr 2 2.92 2.28 2.60 
AN21 15 7 11 3.15 2.45 2.80 
M22 16 5 10 2.75 2.35 2.55 
AN23 10 5 8 2.88 2.26 2.57 
AN3+AN16 1 tr tr 2.85 2.32 2.59 
SG ND ND ND 2.95 2.40 2.68 
CK NA NA NA 3.11 2.41 2.76 
Soil Avg 6 5 6 2.94 2.33 2.63 
EMS° 23 26 71 0.10 0.04 0.06 
CV(%)C 78 107 91 10.7 9.0 10.2 
CONTRASTS 
Among AN *** *** ** NS NS NS 
123 vs. nonl23 *** *** *** NS NS NS 
Between 110 * ** * NS NS NS 
Among c3 NS ** NS # NS NS 
^Values for each soil are averages of five replicated field plots 
(10 replicates f or CK and SG). Trace (tr) was observed at less than 1% 
(ND = not determined. NA = not applicable) • 
^EMS = Error Mean Square with 62 df for each soil and 13 for Avg, 
except for strain recovery which had 44 and 11, respectively. 
^CV = Coefficient of Variation. 
JL ** *** A 
' ' ' Significant at Che 0.05, 0.01, 0.001, and 0.10 probability 
levels, respectively (NS = not significant). 
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Seed N 
Nicollet Dinsdale Avg 
-(g N kg ) 
54.1 60.6 57.4 
55.5 56.4 56.0 
54.8 59.7 57.2 
56.5 59.5 58.0 
55.1 58.8 57.0 
58.0 60.3 59.2 
57.3 61.8 59.6 
54.0 60.1 57.1 
56.1 60.9 58.5 
56.0 61.1 58.5 
57.5 58.9 58.2 
55.3 56.2 55.7 
55.5 60.1 57.8 
55.7 59.9 57.8 
55.8 59.6 57.7 
6.4 5.7 8.4 
4.5 4.0 4.3 
NS ** NS 
NS NS NS 
" NS ** NS 
NS NS NS 
Table 5. Recovery of Bradyrhlzobium .japoaicum strains and forage 
yields, and forage N of Corsoy soybeans in 1985 
Treat­
ment 
Strain recovery Grain yield 
Nicollet Webster Avg Nicollet Webster Avg 
— ( % )  
-(Mg ha~^)-
AN3 0= tr tr 2.64 3.26 2.95 
AN5 1 2 2 2.61 2.63 2.62 
AN8 30 23 27 2.72 3.06 2.89 
ANll 46 22 34 2.66 2.76 2.71 
AN 14 15 13 14 2.64 2.98 2.81 
AN16 tr . tr tr 2.49 2.78 2.61 
AN23 32 27 30 2.62 2.75 2.68 
AN25 3 2 3 2.51 2.81 2.66 
AN27 24 18 21 2.56 2.68 2.62 
AN28 3 12 8 2.57 2.94 2.76 
AN29 7 10 9 2.46 2.83 2.64 
AN30 31 28 30 2.43 2.87 2.65 
SG ND ND ND 2.78 2.76 2.77 
CK NA NA NA 2.54 2.62 2.58 
Soil Avg 16 13 15 2.59 2.83 2.71 
EMS^ 40 47 115 0.03 0.08 0.12 
CV(Z)C 39 53 45 7.5 10.6 9.3 
CONTRASTS 
Among AN *** *** *** NS # NS 
123 vs. nonl23 ** NS # NS # NS 
Between 123 ** ** ** NS NS NS 
Between 110 ** ** ** NS ** * 
Among c3 ** ** ** NS NS NS 
Between cl NS * NS NS NS NS 
Between unknowns ** ** * * NS NS 
^Values for each soil are averages of five field plots. Trace 
(tr) represents less than 1% (NA = not applicable). 
^MS = Error Mean Square with 60 df for each soil and 15 for Avg, 
except for strain recovery which had 44 and 11, respectively. 
^CV = Coefficient of Variation. 
' ' ' Significant at the 0.05, 0.01, 0.001, and 0.10 proba­
bility levels, respectively (NS = not significant). 
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Forage yield Forage N 
Nicollet Webster Avg Nicollet Webster Avg 
(Mg ha~^) (g N kg~^)— 
6.16 6.57 6.36 27.9 32.4 30.1 
6.60 5.34 5.97 25.1 31.0 28.0 
6.29 6.34 6.31 28.5 30.8 2.89 
6.46 6.34 6.40 28.1 31.8 30.0 
5.81 5.73 5.77 29.9 31.5 30.7 
5.92 6.86 6.39 25.5 29.3 27.4 
6.66 6.16 6.41 29.0 31.7 30.4 
6.77 5.57 6.17 26.4 30.9 28.6 
6.31 5.51 5.91 23.8 30.5 27.2 
5.83 6.10 5.97 26.4 31.4 28.9 
6.28 5.54 5.91 29.0 33.3 31.1 
6.12 5.76 5.94 25.9 30.3 28.1 
6.00 5.80 5.83 28.6 31.7 30.1 
6.25 4.83 5.57 26.5 "30.2 28.4 
6.24 5.89 6.07 27.2 31.3 29.3 
0.39 0.60 1.10 7.7 4.7 10.4 
10.1 13.1 11.6 10.4 7.2 8.6 
NS if NS •k NS NS 
NS NS NS NS NS NS 
NS * NS # NS NS 
NS X NS X NS # 
NS # NS # NS NS 
* NS NS NS NS NS 
NS NS NS NS NS NS 
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soil in 1983, but when recoveries for both sampling dates were combined, 
ANIO did better than AN5 in Dinsdale soil. Infection by introduced 
strains was delayed in the alkaline Canisteo soil where AN5 was the 
strongest competitor by the late sampling. Strain AN5 was not tested in 
1984 but was not found competitive in 1985, with an average recovery of 
2%. Strain ANll was quite competitive in all four sites where it was 
evaluated, giving the highest recovery in Dinsdale (29%) and Nicollet 
(46%) soils in 1984 and 1985, respectively. 
Within serogroup 110 (ANl, AN2, AN3, AN6, and AN27), AN27 was more 
competitive than AN3 in 1985. Strain AN6 produced 9% recovery at both 
sites in 1984, but was only competitive in Nicollet soil (17 vs. 4 and 
4%; p<0.10) in 1983. Strains ANl, AN2, and AN3 were only occasionally 
recovered from Corsoy nodules. Differences among recoveries within 
serogroup 110 were statistically significant for each soil in 1984 and 
1985. 
All six c3 strains (AN16, AN18, AN19, AN20, AN22, and AN23) tested 
in 1984 performed poorly in Dinsdale soil; however, AN22 (16%) and AN23 
(10%) were competitive in Nicollet soils. In 1985, three c3 strains were 
tested; AN23 and AN3G (each with 30% average recoveries) outcompeted 
(p<0.01) AN16. Strain AN23 was more successful in occupying nodules in 
1985 than in 1984. Of the seven c3 strains tested both years, four 
(AN18, ANi9, AN20, and AN22) were originally isolated from Southeast or 
Southern soils; three (AN16, AN23, and AN30) were isolated from eastern 
Cornbelt soils (Table 2). Two of the three strains from the eastern 
Cornbelt (AN23 and AN30) were competitive, whereas only one (AN22) from 
Louisiana occupied nodules at greater than 5% recovery. 
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Neither cl strain (AN25 or AN28) was competitive in Nicollet soil 
(3%), but AN28 was successful (p<0.05) in Webster soil (12%) (Table 5). 
Two strains of unknown serology were considered to be competitive; 
however, AN8 was more successful (p<0.01) than AN29 (Table 5). 
Serogroups 122 (AN14), 94 (AN17), and 76 (AN21) were each represented by 
only one strain. Strain M14 did better in 1985 (14%) than in 1983 (4%), 
strain AN21 averaged 11% recovery and AN17 was not recovered from nodules 
in 1984. 
Recovery, when averaged across strains for each soil, varied by 
year. The low average recovery (6%) in 1983 and 1984 is similar to 
reports found for other single-year inoculation trials (Johnson et al. , 
1965; Caldwell and Vest, 1970; Ham et al., 1971; Ham, 1980). Higher 
overall recovery in 1985 (15%) was largely attributed to selective 
screening of strains and the good performance of strains from Midwestern 
states used for testing that year. When grouped by serogroup for all the 
soils except the calcareous Canisteo in 1983, members of serogroup 123 
showed a competitive advantage in forming nodules (Figure 1). 
Production 
Main effects for soil were important each year for grain yield and 
tissue N. Seed produced in 1984 at the Dinsdale site had a higher con­
centration of N than did seed from Nicollet soil (59.6 vs. 55.8 g N 
kg ^)o In 1985, soybeans from Webster soil had more forage N at R6 (30.2 
vs. 26.7 g N kg ^), and produced more grain at harvest (2.72 vs. 2.50 Mg 
ha ^) than from the Nicollet soil. 
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Cl C3 76 110 122 123 
Figure 1. The percentage recovery in field-grown nodules of 
introduced bradyrhizobia by serogroup; only strains of 
known serology having recovery in noncalcareous soils are 
included (within histograms are the numbers of site-year-
strain coabinations, the bars represent SE of the mean) 
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Treatment-by-soil interactions were important in 1985 for grain 
yield as well as forage yield and N content (Table 5), but were not 
important in 1983 or 1984 (Tables 3 and 4). The introduced strains 
influenced (p<0.10) grain and forage yield in Webster soil and also 
forage N in Nicollet soil in 1985. Noninoculated (CK) Corsoy produced 
considerably less forage than most inoculated soybeans in Webster soil 
(p<0.05). 
Are the indigenous rhizobia fixing all the N required so that N is 
not limiting yield? If they are, one would not expect a production 
response because of inoculation with more efficient strains of 
bradyrhizobia. Nitrogen responses (330 kg N ha ^ in 1983 and 1985, 165 
kg N ha ^ in 1984 and 1985) were examined each year. Grain yields were 
improved by N applications in four of the seven environments (Table 6). 
Contrasts for a N response on the Nicollet and Dinsdale soils were 
significant at the 0.05 and 0.01 levels, respectively, in 1983. The N 
treatment resulted in increased yields on the Dinsdale soil (p<0.05) and 
increased seed N from both soils (p<0.10) in 1984, Grain yield was also 
enhanced in 1985 on Nicollet soil but forage N and forage yield were 
little affected on either soil. Thus, increased soybean growth from 
added N was strongly dependent on the year. 
Even though Corsoy soybeans did not respond to N fertilization in 
1985, results obtained with Clark isolines indicated these soils were not 
able to provide all the N required for maximum growth (Table 7). 
Dramatic increases (p<0.001) in both grain yield and forage N were 
measured for the nodulating Clark isoline. This indicates that 
Table 6. Grain yield of Corsoy soybeans as Influenced by N fertilizer In Iowa soils 
N 
Levels 
1983 
Nicollet Dlnsdale Canlsteo 
1984 
Nicollet Dlnsdale 
1985 
Nicollet Webster 
(kg ha 1) "(Mg ha ^)-
0 
165 
330 
3.17* 
NA 
3.58 
2.87 
NA 
3.54 
2.97 
NA 
3.24 
3.03 
3.15 
NA 
2 . 2 6  
2.53 
NA 
2.90 
3.12 
2.89 
3.24 
2.92 
3.19 
EMS" 
CV(%)C 
0.06 
7.9 
0.11 
10.7 
0.11 
10.7 
0.04 
6 . 6  
0.05 
8.9 
0.02 
4.6 
0.06 
7.9 
0 vs. 165 
0 vs. 330 
165 vs. 330 
NA 
* 
NA 
NA 
iV* 
NA 
NA 
NS 
NA 
CONTRASTS 
NS 
NA 
NA 
* 
NA 
NA 
A 
NS 
* 
NS 
NS 
NS 
^Values for each noil are averages of four replications in 1983; five and 10 
replications for 0 and 165 kg N ha , repsectively in 1984; and five replications for the 
Nicollet soil and four replications for the Webster soil in 1985. (NA = not applicable). 
^EMS - Error Mean Square with 9 df for both soils in 1984, and 8 and 6 for Nicollet 
and Webster soil in 1985, respectively. 
^CV = Coefficient of Variation. 
*'**Slgnlfleant at the 0.05 and 0.01 probability levels, respectively. (NA = not 
applicable, NS = not significant.) 
Table 7. Grain and forage yields and forage N of nodulatlng and nonnodulating Clark soybean 
isollnes in Iowa soils during 1985 
Treat­
ment 
Grain yield Forage yield Forage N 
Nicollet Websiter Avg Nicollet Webster Avg Nicollet Webster Avg 
Nod+ 
Nod-
2.15' 
1.66 
2.56 
1.39 
(Mg ha~')-
2.35 
1.5:1 
6 . 2 0  
6.23 
5.96 
5.04 
6.08 
5.64 
28.4 
18.6 
-(g N kg~^)-
29.2 
16.9 
2 8 . 2  
17.7 
Non+ vs. Nod— *** *** **i! NS 
CONTRASTS 
NS A** *** 
^Values for each soil are averages of five replicated field plots. Error terms are given in 
Table 5. 
***,//significant at 0.001 and 0.10 probability levels, respectively (NS •= not significant). 
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bradyrhizobia were supplying a considerable portion of the N needed for 
plant growth. 
Soaoary 
These studies suggest that careful selection can increase nodule 
occupancy of introduced strains added at standard inoculation rates into 
soils containing indigenous bradyrhizobia. Not only does serogroup 123 
tend to dominate Midwestern USA soils, but introduced 123 organisms (as a 
serogroup) are more competitive in displacing the indigenous population 
than members of other serogroups. Competitiveness does not strictly 
follow serogroup lines, however, and significant differences occur within 
a given serogroup. The task of choosing a competitive strain that has 
wide application will not be easy because competitiveness was found to 
vary with soil conditions and from year to year. Even though little 
production advantage occurred with inoculation, responses to N fertilizer 
and differences between the Clark isolines suggest that improved grain 
yields should be possible with better bradyrhizobial strains. The 
strains found to be competitive in these studies may be suitable 
receptors of improved N^-fixation genes for better inoculants. 
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ABSTRACT 
Seven soil environments were evaluated over a 3—yr period to 
determine if N fertilization affected the serogroup distribution of 
bradyrhizobia in soybean [Glycine max (L.) Merr.] nodules under field 
conditions. Plots were established during 1983 to 1985 on four soils 
(two to three soils each year) in northcentral Iowa [Canisteo, fine-
loamy, mixed (calcareous), mesic Typic Haplaquoll; Dinsdale, fine-silty, 
mixed, mesic Typic Argiudoll; Nicollet, fine-loamy, mixed, mesic Aquic 
Hapludoll; and Webster, fine-loamy, mixed, mesic Typic Haplaquoll]. 
Nodule occupancy was determined at flowering or late pod fill by 
serotyping nodules against somatic antigens prepared from USDA strains 
142, 138, 135, 123, 122, 110, 94, 76, 31, and 6. Nitrogen fertilizer was 
applied as urea at 165 or 330 kg N ha~^. Serogroups 142, 123, and 122 
were found in 25, 44, and 16% of the nodules, respectively. Other 
identifiable serogroups were usually measured at frequencies less than 
10%, except serogroup 135 that occupied 40 to 75% of the nodules in the 
alkaline Canisteo soil. Nodules either did not react with any of the 
tested antisera (30%), or reacted as single (40%) or multiple (30%) 
reactions depending on whether they reacted positively with one or more 
than one antiserum. Nitrogen had little influence on the occurrence of 
either the individual serogroups examined or on unidentified serogroups 
in the nodules. Several nitrogen responses occurred but they were 
variable among soils and years. In 1985, nodule occupancy of the 
cultivars Corsoy and Clark was evaluated after the seeds were inoculated 
with a commercial inoculant (Soil Implant). Also, Corsoy seeds were 
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planted but not inoculated to determine the effect of inoculation. 
Neither cultivar nor inoculation had significant effects on nodule 
occupancy. This research confirms previous reports that management 
decisions such as N fertilization, soybean cuitivars, and the use of 
commercial inoculum are not likely to alter serogroup distributions in 
field soils containing established populations of native bradyrhizobia. 
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INTEDDDCTION 
Legume production can be greatly influenced by management practices 
(Gibson, 1977). Fertilizer usage and choice of cultivars are two common 
management decisions made by growers that could influence infection and 
subsequent nodulation of soybeans [Glycine max (L.) Merr.]. 
Israel (1981) reported symptoms of N deficiency during early stages 
of soybean development after cotyledon reserves were exhausted but before 
the first nodules began to transport symbiotically fixed Ng. Moderate to 
high levels of fertilizer-N often inhibit nodulation (Munns, 1977). 
McNeil (1982) showed that NO^ prevented nodulation for most Bradyrhizobia 
japonicum strains tested but when NOg was added after nodules had 
developed, strains differed in their ability to fix Ng (C2H2 reduction). 
Attempts to select for NO^-tolerant strains of bradyrhizobia capable of 
forming nodules in the presence of NOg have largely been unsuccessful 
(Evans, 1982; McNeil, 1982). 
The importance of the host in the symbiotic recognition processes 
should not be ignored. Caldwell and Vest (1970) tested 30 strains on 
five soybean cultivars over several years. They found that strains gave 
similar grain yields for the varieties tested, but strains differed in 
their response from year to year. Kvien et al. (1981) examined 1600 
soybean lines and found that recovery of inoculant strains was not 
dependent on the ability of the host to nodulate with the native 
bradyrhizobial population. They also emphasized the need to evaluate 
nodule occupancy individually for each strain-cultivar combination. In 
Africa, Pulver et al. (1982) showed that locally adapted cultivars 
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readily formed nodules with native bradyrhizobia but had low yields and 
gave no inoculation response; whereas U.S. cultivars gave better yields 
and showed an inoculation response. The U.S. cultivars were unable to 
nodulate with the indigenous population. As a result of these 
observations, a soybean-breeding program was proposed to combine the 
nodulating traits of local cultivars with the superior yielding ability 
of the U.S. cultivars, thus giving enhanced soybean production without 
having to inoculate. 
The objectives of our research were to determine whether high levels 
of N fertilization or variation between two indeterminant soybean 
cultivars (Corsoy and Clark, maturity groups II and IV, respectively) 
influenced the serogroup distribution of bradyrhizobia in soybean nodules 
grown in Iowa soils. 
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MATERIALS AND METHODS 
Nitrogen and cultivar responses were evaluated in two separate 
studies. Soil descriptions, plot establishment, and sampling procedures 
have been previously described in Section 2. Nitrogen plots in 1984 and 
1985 were located adjacent to the competition plots but in 1983 the plots 
were randomized within the competition study. Likewise, the cultivar 
plots in 1985 were randomized within the competition study. 
Nodule occupants were determined in both studies by using 
agglutination serology (Vincent, 1970). Individual nodules were reacted 
with antisera (ABSCO, Colorado Springs, CO) prepared against somatic 
antigens from B. japonicum strains 142, 138, 135, 123, 122, 110, 94, 76, 
31, and 6 (USDA, Beltsville, MD). Nodules were crushed with glass rods 
in test tubes in three drops of phosphate-saline buffer (PSB). After 
crushing, 1.5 to 2.0 mL of PSB was added to each tube and contents were 
boiled in a water bath (100°C) for 30 min to destroy the flagellar 
antigens- One to three drops of nodule antigen ^ere then added to 
approximately 100 pL of antisera diluted 1:80 (vol:vol) by PSB in wells 
of microtiter plates for each USDA strain and incubated in a water bath 
for 4 hr at 52°C. Immunoreactions were observed the following morning 
after leaving the plates overnight at ambient temperature. 
Nitrogen 
Nodule occupancy was examined during early reproductive growth (Rl-
R3) from 1983 to 1985 and also at late pod fill (R6.5) in 1983. The 
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treatment combinations used each year are summarized in Table 1. Urea 
was broadcast by hand and all plots were rototilled to incorporate N just 
Table 1. Treatments and soils used in the nitrogen study 
Factor N Level 1983 1984 1985 
Treatment® (kg N ha 
CK 0 X X X 
N 165 - X X 
NN 330 X - X 
Soils 
Nicollet X X X 
Dinsdale X X -
Canisteo X - -
Webster - - X 
^Treatment abbreviations: CK = controls without fertilizer 
added, N = 165 kg N ha as urea at planting, NN = 330 kg N ha as 
urea (split application with half applied at planting and half added 
at flowering). 
prior to planting certified Corsoy soybeans. The highest N level (330 kg 
N ha was a split application, with the first half applied at planting 
and the remainder incorporated at flowering. In 1984, N was only applied 
at planting (165 kg N ha ^). 
Treatments for each soil were established in a randomized block 
design with four and five replications in 1983 and 1984, respectively. 
Webster and Nicollet soils also had four and five replications, 
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respectively, in 1985. Experimental units were plots and six (1983) or 
10 (1984 and 1985) nodules were assayed from one plant randomly selected 
from each plot. The N treatment had 10 replications within each block in 
1984. Also, the July sampling in 1985 had 8 and 10 replications for the 
Webster and Nicollet soils, respectively, for the N treatment because the 
second N application had not yet been applied. Contrasts examined were 
the main effects of nitrogen and soils as well as nitrogen-by-soil 
interactions. 
Cnltlvars 
Treatments were noninoculated Corsoy (COR-CK) and Corsoy (COR-SG) 
and Clark (CLK-SG) inoculated with the standard granular (SG) inoculant 
Soil Implant, a mixed-strain commercial inoculant provided by the 
Nitragin Co. (Milwaukee, VU). (A noninoculated Clark treatment was not 
included because of space limitations imposed by the lattice square 
experimental design used for the competition study in 1985.) Contrasts 
examined were differences between Corsoy and Clark germplasm (COR-SG vs. 
CLK-SG) and an inoculation response for Corsoy soybeans (COR-CK vs. COR-
SG). In this 1-yr study (1985), rwo plants (20 nodules) were assayed 
from each plot. Treatments were replicated five times on both Webster 
and Nicollet soils. 
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RESULTS AND DISCUSSIOH 
The more abundant bradyrhizobia identified in soybean nodules 
belonged to serogroups 142, 123, and 122, and were present at 25, 44, and 
16%, respectively, when averaged across all studies (Tables 2-6). Other 
identifiable serogroups were generally present at less than 10%. Three 
exceptions occurred in 1983 when serogroup 122 only occupied 2% of the 
nodules at flowering, and serogroups 135 and 6 were commonly present both 
at flowering and late pod fill. Nodules that gave positive reactions 
either reacted with one (single) or more than one (multiple) antiserum 
per nodule. Multiple reactions involved two or occasionally three 
antisera per nodule and were usually some combination of 142 and/or 
123. Approximately 40, 30, and 30% of the nodules serotyped were 
classified as single, double, and unidentified, respectively. These 
three groups consistently equalled 100%, but summation of all reacting 
serogroups (142+138+135+...+6) often exceeded 100% because of multiple 
reactions. Lindemann et al. (1974) and Kosslak and Bohlool (1985) also 
reported nodules that reacted with multiple antisera. 
Nitrogen 
Nitrogen fertilization had little effect on nodule occupancy in 
field-grown Corsoy when averaged across soils (Tables 2-5). Serogroup 
142 was inhibited with added N both in Dinsdale (1983) and Nicollet 
(1984) soils, whereas levels of 122 were increased but only at the 
Nicollet site in 1983. Multiple reaction responses were similar to the 
responses of serogroup 142, which reflected the abundance of multiple 
reactions formed by 142 (data not shown). Differences among soils were 
Table 2. Serogroup distribution of native bradyrhizobia from Corsoy 
soybean nodules at flowering (R2), with and without N 
fertilizer, in Iowa soils during 1983 
Serogroup 
Soil Trt* 142 138 135 123 122 94 76 31 6 
Nicollet CK 38^ 0 0 26 0 12 4 0 17 
N 40 2 0 28 12 0 0 2 14 
Soil Avg 39 1 0 27 6 6 2 1 15 
Dinsdale CK 49 0 0 56 0 6 0 0 17 
N 7 25 0 47 0 0 0 0 2 
Soil Avg 28 13 0 51 0 3 0 0 9 
Canisteo CK 4 0 34 42 0 0 0 0 8 
N 0 0 50 18 0 0 0 0 8 
Soil Avg 2 0 42 30 0 0 0 0 8 
Pooled CK 30 0 11 41 0 6 1 0 14 
N 16 9 17 31 4 0 0 tr 8 
Pooled Avg 23 5 14 36 2 3 tr tr 11 
EMSi (2)C 901 83 173 381 99 78 11 4 72 
EMS 2 , (8) 102 71 174 221 17 129 14 5 331 
CV(%)° 47.2 177 90.9 42.4 191 390 498 498 173 
CONTRASTS 
CK vs. N (1) NS NS NS NS NS NS NS NS NS 
Soils (2) NS NS * NS NS NS NS NS NS 
Soil*Trt (2) ** NS NS NS * NS NS NS NS 
^Treatment abbreviations: CK = nonfertilized controls and N = 165 
kg N ha as urea. By this sampling, only the first half of the 330 kg N 
ha had been applied. 
^Values for each soil are averages of four replications and based on 
six nodules per plot (tr = trace, less than 1%). 
^Values in parentheses represent degrees of freedom for each 
contrast or error term (EMS^ and EMS2 are Error Mean Squares for testing 
Soil and Trt main effects with soils pooled and for testing Soil*Trt, 
respectively). 
^CV = Coefficient of Variation. 
*»**Significant at 0.05 and 0.01 probability levels, respectively 
(NS = not significant). 
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Occupancy type 
Unidentified Single Multiple 
42 29 30 
40 27 32 
41 28 31 
17 50 34 
40 40 20 
29 45 27 
25 67 8 
25 75 0 
25 71 4 
28 49 24 
35 47 17 
32 48 21 
733 206 305 
472 387 70 
68.0 40.9 41.7 
NS NS NS 
NS * NS 
NS NS * 
Table 3. Serogroup distribution of native bradyrhizobia from Corsoy 
soybean nodules at late pod fill (R6.5), with and without 
fertilizer N, in Iowa soils during 1983 
Serogroup 
Soil Trt^ 142 138 135 123 122 110 94 76 31 6 
(%)-
0 Dinsdale CK 68^ 0 0 45 22 11 5 11 28 
NN 62 2 0 23 18 0 10 0 0 22 
Soil Avg 65 1 0 34 20 0 11 2 5 25 
Canisteo CK 33 0 75 17 0 0 4 0 0 8 
NN 35 0 40 30 2 2 0 0 0 7 
Soil Avg 34 0 57 24 1 1 2 0 0 8 
Pooled CK 48 0 43 29 10 0 7 2 5 17 
NN 49 1 20 27 10 1 5 0 0 15 
Pooled Avg 48 tr 31 28 10 tr 6 1 2 16 
EMSi (1)C 0.3 10 1035 1464 57 5 0.1 28 110 14 
EMS2 , (5) 291 7 550 462 128 8 151 19 19 108 
CV(%)d 35.2 387 76.7 76.2 116 411 202 387 194 65.2 
CONTRASTS 
CK vs. NN (1) # NS NS NS NS NS * NS NS NS 
Soils (1) ** NS NS NS NS NS * NS NS # 
Soil*Trt (1) NS NS NS NS NS NS NS NS # NS 
^Treatment abbreviations: CK = nonfertilized controls and NN = 330 
kg N ha ^ as urea in split application with the first half applied at 
planting and the second half incorporated at flowering (R2). 
^values for each soil are averages of four replications and based on 
six nodules per plot (tr = trace, less than 1%). 
^Values in parentheses represent degrees of freedom for each 
contrast or error term (EMS^ and EMS2 are Error Mean Squares for testing 
Soil and Trt main effects with soils pooled and for testing Soil*Trt, 
respectively). 
^CV = Coefficient of Variation. 
' '^Significant at 0.05, 0.01, and 0.10 probability levels, 
respectively (NS = not significant). 
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Occupancy type 
Unidentified Single • Multiple 
(%) — 
22 23 56 
17 43 40 
19 34 47 
12 46 42 
18 58 25 
15 52 33 
17 36 48 
18 50 33 
17 43 40 
92 68 0.1 
371 434 131 
113 48.0 28.8 
NS NS ** 
NS NS ** 
NS NS NS 
Table 4. Serogroup distribution of native bradyrhizobia from Corsoy 
soybean nodules at flowering (R2), with and without N 
fertilizer, in Iowa soils during 1984 
Serogroup 
Soil Trt* 142 135 123 122 110 31 6 
(%) 
Nicollet CK 
N 
Soil Avg 
Dinsdale CK 
N 
Soil Avg 
Pooled CK 
N 
Pooled Avg 
EMSi (l)c 
EMS2 . (18) 
CV(%)* 
CK vs. N (1) 
Soil (1) 
Soil*Trt (1) 
^Treatment abbreviations: CK = ncr.fsrtilizad controls and N = 165 
kg N ha as urea. 
Walues for each soil are averages of five replications for CK and 
10 plots for N, based on 10 nodules per plot (tr = trace, less than 1%). 
^Values in parentheses represent degrees of freedom for each 
contrast or error term (EMS^ and EMSg are Error Mean Squares for testing 
Soil and Trt main effects with soils pooled and for testing Soil*Trt, 
respectively). 
^CV = Coefficient of Variation. 
'^Significant at 0.05 and 0.10 probability levels, respectively 
(NS = not significant). 
42^ 0 74 34 4 4 2 
20 1 47 33 3 0 2 
27 tr 56 33 3 1 2 
10 0 60 20 0 0 2 
6 0 54 22 0 0 1 
7 0 56 21 0 0 1 
26 0 67 27 2 2 2 
13 tr 51 28 2 0 2 
17 tr 56 27 2 2 2 
540 2 735 15 2 27 2 
81 4 181 177 15 12 15 
52.1 563 24.0 48.7 229 516 229 
CONTRASTS 
NS NS NS NS NS NS NS 
NS NS NS # NS NS NS 
* NS # NS NS NS NS 
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Occupancy type 
Unidentified Single Multiple 
10 
37 
28 
28 
35 
19 
38 
31 
482 
243 
49.7 
(%)• 
44 
31 
35 
54 
il 
48 
49 
38 
42 
27 
239 
37.1 
46 
32 
37 
18 
17 
17 
32 
11 
27 
282 
130 
42.3 
NS 
NS 
NS 
NS 
if 
NS 
NS 
NS 
NS 
Table 5. Serogroup distribution of native bradyrhizobia frora Corsoy 
soybean nodules at flowering (R3), with and without N 
fertilizer, in Iowa soils during 1985 
Serogroup 
Soil Trt* 142 135 123 122 110 76 31 6 
Nicollet 
Soil 
CK 
N 
Avg 
21^ 
14 
16 
4 
0 
1 
65 
40 
48 
20 
17 
18 
-(%) 
6 
7 
7 
4 
0 
1 
0 
1 
tr 
6 
2 
3 
Webster 
Soil 
CK 
N 
Avg 
18 
18 
18 
0 
1 
tr 
60 
47 
52 
18 
29 
25 
0 
5 
3 
0 
2 
2 
0 
1 
tr 
0 
1 
tr 
Pooled 
Pooled 
CK 
N 
Avg 
19 
16 
17 
2 
tr 
1 
63 
43 
50 
19 
22 
21 
3 
6 
5 
2 
1 
1 
0 
1 
tr 
3 
2 
2 
EMSi 
EMS2 
CV(%)* 
(1)= 
(16) 
65 
175 
79.0 
41 
9 
269 
247 
400 
40.1 
318 
160 
59.7 
26 
54 
141 
63 
12 
237 
0.1 
8 
379 
41 
42 
292 
CONTRASTS 
CK vs. N 
Soil 
Soil*Trt 
(1) 
(1) 
(1) 
NS 
NS 
NS 
NS 
NS 
* 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
* 
# 
NS 
NS 
NS 
NS 
NS 
^Treatment abbreviations: CK = nonfertilized controls and N = 165 
kg N ha as urea. 
Values for each soil are averages of four and five replications for 
Webster and Nicollet soils, respectively; with eight plots for CK and 10 
plots for N based on 10 nodules per plot (tr = trace, less than 1%). 
^Values in parentheses represent degrees of freedom for each 
contrast or error term (EMS^ and EMS2 are Error Mean Squares for testing 
Soil and Trt main effects with soils pooled and for testing Soil*Trt, 
respectively). 
"^CV = Coefficient of Variation. 
*'^Significant at 0.05 and 0.10 probability levels, respectively (NS 
= not significant). 
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Occupancy type 
Unidentified Single Multiple 
(%)-- —— 
22 40 37 
45 35 20 
37 37 26 
35 42 23 
36 34 30 
36 37 27 
28 41 31 
41 34 24 
37 37 26 
675 17 889 
281 175 165 
45.6 36.0 48.5 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
* 
Table 6. Serogroup distribution from nodules of Corsoy and Clark 
soybeans in lowa soils during 1985 
Serogroup 
Soil Trt® 142 138 123 122 110 76 31 6 
Nicollet COR-CK 22b 2 57 19 2 2 0 2 
COR-SG 20 0 61 16 4 0 0 0 
CLK-SG 15 0 52 20 3 1 1 5 
Soil Avg 19 tr 57 18 3 1 tr 2 
Webster COR-CK 11 1 49 28 11 0 3 4 
COR-SG 13 2 46 32 8 0 1 5 
CLK-SG 13 3 50 26 7 0 1 9 
Soil Avg 12 2 48 29 9 0 2 6 
Pooled COR-CK 16 2 53 24 7 1 2 3 
COR-SG 16 1 53 24 6 0 1 3 
CLK-SG 14 2 51 23 5 tr 1 7 
Pooled Avg 16 1 53 23 6 tr 1 4 
EMSi (2)C 51 11 106 110 20 3 6 7 
EMS2 . (15) 67 8 174 95 25 5 12 16 
CV(%)0 50.7 206 24.3 40.3 82.9 428 339 90.1 
CONTRASTS 
COR-CK vs. COR-SG (1) NS NS NS NS NS NS NS NS 
COR-SG vs. CLK-SG (1) NS NS NS NS NS NS NS 
Soils (1) NS NS NS # # NS NS # 
Scil*Trt (2) NS NS NS NS NS NS NS NS 
Treatment abbreviations: COR-CK = noninoculated Corsoy, COR-SG = 
Corsoy + commercial inoculant, and CLK-SG = Clark + commercial inoculant. 
Values for each soil are averages of five replications and based on 
20 nodules per plot (tr = trace, less than 1%). 
^Values in parentheses represent degrees of freedom for each 
contrast or error term (EMS, and EMS2 are Error Mean Squares for testing 
Soil and Trt main effects with soils pooled and for testing Soil*Trt, 
respectively). 
^CV = Coefficient of Variation. 
' '^'^Significant at 0.05, 0.01, and 0.10 probability levels, 
respectively (NS = Not significant). 
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Occupancy type 
Unidentified Single Multiple 
31 41 28 
32 43 25 
30 47 23 
31 44 25 
33 35 32 
35 34 32 
31 40 29 
33 36 31 
32 38 30 
33 39 28 
30 44 26 
32 40 28 
2 3 5 
133 165 141 
35.0 31.0 40.9 
NS NS NS 
* * NS 
# ** * 
NS NS NS 
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of minor importance except in 1983 where the alkaline Canisteo soil 
contained more 135 and single reactions at flowering (Table 2), and the 
Dinsdale soil had more 142, 94, and multiple reactions at late pod fill 
(Table 3). 
These findings agree with results of Semu et al. (1979), who also 
reported that applied N had negligible effects on serogroup distribution 
of soybean nodules in Canada. Their results could have been confounded, 
however, because the same cultivar was not used on all soils. One reason 
for possibly inconsistent results across years in our study was that 
different soils were used each year. Another concern was atypically low 
error terms for some serogroups (Tables 3 and 5), that may have 
overemphasized main effects for both nitrogen and soils. High 
coefficient of variation percentages also suggested that more nodules 
should have been serotyped. 
Cultlvars 
Application of commercial inoculant had no measurable influence on 
serogroup distribution in Corsoy nodules, and few differences between 
Corsoy and Clark cultlvars were observed (Table 6). VJhen pooled across 
soils, more single reactions (p<0.05) and possibly more members of 
serogroup 6 (p<0.10) were present in Clark than Corsoy nodules and Corsoy 
had more unidentified serogroups (p<0.05). Nodules from the Webster soil 
contained more 122, 110, 6, multiple, and unknown serogroups, whereas 
more single reactions were found in nodules from the Nicollet soil. Like 
the nitrogen study, some Error Mean Square (EMS) values used Co test 
treatment and soil main effects were low, especially for unidentified. 
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single, and multiple reactions. Cultivar and inoculum responses were 
similar in the two soils (no significant interaction). 
The inability of commercial inoculant, applied at recommended rates 
in this single-year study, to alter the distribution of bradyrhizobia in 
Corsoy nodules substantiates that indigenous soil populations are 
difficult to displace from nodules (Ham, 1980). These two cultivars 
differed genetically in maturity group and root morphology. Corsoy 
(maturity group II) had more fiberous lateral roots than Clark (maturity 
group IV). The similarity of serogroups found in their nodules agrees 
with the findings of Caldwell and Vest (1970), who reported that 
inoculated strains behaved the same among the five soybean cultivars 
evaluated. 
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ABSTRACT 
Native bradyrhizobia in the nodules of soybeans [Glycine max (L.) 
Merr.] from 32 soils across central Iowa were surveyed from 1982 to 1984 
to characterize indigenous populations. Nodule occupancy was determined 
by using agglutination serology with antisera prepared against USDA 
Bradyrhizobium .japonicun strains 135, 123, 122, 110, 94, 76, 31, and 6. 
In addition, antisera from USDA. strains 142 and 138 were used in 1984. 
No soils were found where 123 (68% average nodule occupancy) was not a 
major serogroup. Also, serogroup 142 was a major nodule occupant, 
occupying an average of 31% of the nodules tested in 1984. Other 
serogroups found and their average occupancies were 138 (3%), 135 (3%), 
122 (10%), 94 (3%), 76 (10%), 31 (5%), and 6 (8%). High levels of 142 
were often associated with nodules that gave positive reactions with more 
than one antiserum per nodule. Correlations among serogroups and soil 
properties suggested that 142 was inhibited in soils with higher pH, 
higher phosphatase activity, and having unidentified serogroups or single 
nodule reactions. Isolates from 1983 were evaluated for growth under 
environmental stress: pHs, temperatures, and NaCl concentrations ranged 
from 4.5 to 8.5, 5 to 35°C, and 1 to 30 g NaCl L~^, respectively. These 
same isolates were screened in a plant infection assay for nodulation and 
N^-fixation efficiency. Considerable variability existed among the 
isolates. Isolates from some soils grew well on both acid and alkaline 
media but isolates from other soils did not. Isolates from Maxfield, 
Clyde, and Ksnyon soils grew well only at a narrow temperature range but 
some isolates grew well at all temperatures, even up to 35°C. Salt 
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tolerance among isolates ranged from being sensitive to 1 g NaCl L ^ to 
being tolerant to 30 g NaCl L~^. The plant infection test showed that 
isolates in most of the 10 soils examined increased soybean growth 40 to 
60%, compared with noninoculated controls. 
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INTRODDCTIOH 
Soils are quite complex, heterogeneous, and dynamic in biological, 
chemical, and physical processes. Research to characterize soil 
ecosystems is needed to reveal information essential for understanding 
the microbial ecology of bradyrhizobia in edaphic environments 
(Alexander, 1985; Schmidt and Robert, 1985). A soil's nutritional 
status, its moisture regime, and pH, as well as the presence or absence 
of competing organisms, are among factors that may be of particular 
interest (Veldkamp et al., 1984; Wimpenny et al., 1984). 
Early survey work with bradyrhizobia suggested that soils may be 
dominated by one or two serogroups (Johnson and Means, 1963). Damirgi et 
al. (1967) identified four main serogroups (135, 123, c3, and cl) in Iowa 
soils and, along with Ham et al. (1971), showed a strong correlation 
between the occurrence of alkaline soils (pH 8) and the presence of 
serogroup 135 in soybean [Glycine max (L.) Merr.] nodules. Gross et al. 
(1979) genetically characterized serogroup 135 isolates in nodules from 
alkaline soils in Nebraska and reported that bradyrhizobia dominant in 
each soil belonged to different plasmid subgroups. Recent surveys to 
evaluate the distribution of hydrogenase phenotypes among bradyrhizobia 
throughout the USA suggested that many indigenous populations exhibit an 
energetically inefficient (Hup ) mode of metabolism (Uratsu et al., 1982; 
Keyser et al., 1984). 
The primary objective of research reported in this section was to 
characterize the nodule occupants to better understand the bradyrhizobia 
indigenous to Iowa soils against which added inoculum strains must 
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compete to form nodules. A second objective was to identify soils in 
Iowa where 123 was not the dominant serogroup, so that competition 
studies could be initiated on those sites. The influence of soil 
properties on serogroup distribution in field—grown soybean nodules also 
was examined. 
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M&TERIÂLS AND METHODS 
Soils 
Different regions of the state were sampled each year. Most of the 
32 soils evaluated were located close to boundaries between rnajor soil 
associations and represented a wide selection of soil types (Table 1). 
Each soil was a designated mapping unit according to USDA Soil 
Conservation Service county soil survey reports. One to four mapping 
units were sampled within a field after obtaining landowner permission. 
Chemical analyses of soil samples (Table 2) were performed by the Iowa 
State University Soil Testing Laboratory (Ames, lA). The Ely soil (1982) 
was thought to contain the first crop of soybeans ever planted at that 
site. It had been recently tiled and initially cropped to corn in 1981 
and had the highest level of organic matter of any soil surveyed. Three 
soils (Muscatine, Klinger, and Flagler) received heavy applications of 
livestock manure and had very high levels of P, K, Zn, and S. 
Sampling Procedure 
Soybean plants in late reproductive growth (R4 to R6) were collected 
during late July through early September. Individual plants (10 to 15 
per soil) were chosen at intervals of 15 to 30 m by randomly placing a 
soil probe within a row and digging the nearest plant. Roots were rinsed 
with water either from a garden hose, a drainage—tile outlet, or a nearby 
stream; placed in sterile whirlpak bags; and kept on ice during transport 
to the laboratory where they were frozen at -10°C until analyzed. 
Table 1. General characteristics of soils sampled In the field survey* 
Soil Soil Soil Soil Parent Landscape Drainage Taxonoralc 
Number Series Association Texture^ Material Position® Class^ Region® Subgroup 
-1982-
1 Muscatine DTM aid L UR SOT E Aquic Hapludoll 
2 Waukee CNW 1 A B W E Typlc Hapludoll 
3 Ely DTM aid A B SWP E Cumulic Hapludoll 
4 Clarion cm; I GT SS W E Typlc Hapludoll 
5 Dinsale DTM sicl L UR W N Typlc Argludoll 
6 Colo DTM aid A B P N Cumulic Haplaquoll 
7 Rossfleld DTM sil L SS W N Typlc Hapludoll 
-1983-
8 Marshall M sld L SS H W Typlc Hapludoll 
9 Ackmore M Gil A B SUP W Aeric Fluvaquent 
10 Gal va GPS sicl L SS H W Typlc Hapludoll 
11 Sac GPS sicl L SS W W Typlc Hapludoll 
12 Canlsteo cm sicl GT UD P NE Typlc Hapludoll 
13 Clarion CNW 1 GT UR W NE Typlc Hapludoll 
14 Maxfield DTM sicl L UD P NE Typlc Haplaquoll 
15 Sawmill DTM sicl L UD P NE Cumulic Haplaquoll 
16 Clyde KFC sicl GT UD P NE Typlc Haplaquoll 
17 Floyd KFC J. GT SS SWP NE Aqulc Hapludoll 
10 Kenyon KFC J, GT UR MW NE Typlc Hapludoll 
19 Readlyn KFC J. GT UR SWP NE Aquic Hapludoll 
1 <
r CO I 
20 Halg AGH Gil L UD P SE Typlc Arglaquoll 
21 Haig AGH sicl L UD P SE Typlc Arglaquoll 
22 Grundy AGH si 1 L SS SWP SE Aqulc Argludoll 
23 Talntor OMT slcl L UR P SE Typlc Arglaquoll 
24 Mahaska OMT sicl T, UR SWP SE Aqulc Argludoll 
25 Otley OMT slcl L SS m SE Typlc Argludoll 
26 Adair ASE cl L SS SWP SE Aqulc Aegludoll 
27 Edlna ASE sll L UR p SE Typlc Arglalboll 
28 Seymour ASE sil L SS SWP SE Aqulc Argludoll 
29 Kllnger DTM cl L UR SWP N Aqulc Hapludoll 
30 Flagler DTM si GT UR SWE N Typlc Hapludoll 
31 Nicollet CNW 1 GT SS SWP C Aqulc Hapludoll 
32 Dinsdale DTM sicl L UR W N Typlc Argludoll 
^Based on USDA Soil Conservation Service county soil survey reports. 
'^Soll Association abbreviations: DTM = Dlnsdale-Tama-Muscatlne, CNW = Clarlon-Nlcollet-
Webster, M = Marshall, CPS = Galva-Prlmghar-Sac, KFC = Kenyon-Floyd-Clyde, AGH = Adalr-Grundy-Halg, 
OMT = Otley-Mahaska-Talntor, and AS'E = Adalr-Seymour-Edlna. 
^Soll Texture abbreviations; 1 = loam, cl = clay loam, sll = silt loam, si = sandy loam, and 
sic] = sllty-clay loam. 
^Parent Material abbreviations: L = loess, A = alluvium, and GT = glacial till. 
^Landscape Position abbreviations; UR = upland ridges and flats, UD = upland dralnageways, SS 
= sldeslopes, and B = bottomland. 
^Drainage Class abbreviations: P = poor, W = well, MVJ = moderately well, SWP = somewhat poor, 
SWE = somewhat excessive. 
^Regional abbreviations: E = east (Marshall county), N = north (Franklin county), W = west 
(Sac county), C = central (Boone county), NE = northeast (Harding and Grundy counties), and SE = 
southeast (Appanose and VJapello counties). 
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Table 2. Laboratory analyses of soils evaluated in the field survey® 
Soil # MPN pF OM P K Zn S HOH PASE 
1982-
1 3.84 6.5 41 237 1444 5.3 12 0.227 18.71 
2 3.60 5.8 44 62 190 3.2 4 0.247 3.37 
3 4.28 7.8 80 39 160 2.0 2 0.339 22.93 
4 3.88 6.6 24 44 250 0.7 1 0.214 3.06 
5 4.62 6.0 32 42 294 1.9 1 0.177 1.81 
6 4.43 6.0 70 82 168 5.0 1 0.271 2.89 
7 3.87 7.6 37 41 216 1.7 1 0.160 2.28 
1983-
8 6.23 7.8 21 28 203 2.8 3 0.206 2.26 
9 6.20 6.2 16 25 284 2.3 2 0.149 0.96 
10 5.34 6.1 26 36 334 4.6 1 0.136 0.80 
11 6.17 6.6 20 17 225 1.5 1 0.070 1.13 
12 7.02 6.7 60 87 218 2.2 1 0.292 2.27 
13 7.38 6.2 41 251 703 1.5 2 0.256 1.19 
14 7.14 7.4 48 83 308 2.7 1 0.296 2.16 
15 7.32 7.3 52 137 233 4.9 2 0.382 5.05 
16 7.32 6.7 64 58 297 3.3 2 0.398 3.45 
17 7.14 6.2 38 30 276 2.1 3 0.307 0.77 
18 7.28 6.5 35 21 161 1.9 1 0.283 1.11 
19 7.55 6.8 3C 29 222 1.2 1 0.297 0.89 
-1984-
20 7.79 6.2 27 86 375 1.3 1 0.317 1.22 
21 8.03 6.6 37 116 355 1.5 2 0.324 2.49 
22 6.21 6.1 31 209 466 2.9 2 0.319 1.95 
23 6.56 5.4 33 120 313 2.2 2 0.286 0.73 
24 6.56 5.7 28 55 86 2.2 2 0.299 0.40 
25 6.56 5.5 31 126 338 1.6 3 0.291 0.64 
26 6.28 6.5 34 47 142 3.3 3 0.267 1.59 
27 6.44 5.3 26 16 180 2.3 3 0.323 0.64 
28 6.47 6.6 21 25 149 1.9 2 0.295 1.55 
29 6.07 5.9 43 615 2110 13.5 4 0.243 1.83 
30 5.80 6.6 18 628 630 6.5 2 0.075 1.04 
31 7.37 6.4 26 39 198 1.3 1 0.218 1.67 
32 6.01 6.4 31 25 229 2.6 1 0.265 2.87 
^Abbreviations: MPN is most probable number (log cells g~^ soil) at 
planting; pH_is soil reaction, 1:1 (wt:vol) soil to H2O; OM is organic 
matter (g kg ) by the Medius method; P is available phosphorus (mg kg ) 
by Bray PI; K is available potassium (mg kg by NH^OAc extraction; 
Zn is extractable zinc (mg kg ) by DTPA extraction; S is extractable 
sulfur (mg kg ) by 03^^2^04)2 extraction; HON is gravimetric soil 
moisture (kg kg ) at sampling; and PASE is alkaline phosphatase activity 
(pM para-nitrophenol g hr ^). 
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A representative soil sample was obtained with a soil probe to a 
depth of 25 cm within and between rows at each plant-sampling interval 
for each soil. A composite subsample was used for chemical analyses 
(Table 2) and numbers of bradyrhizobia were estimated by the most-
probable-number method (Weaver and Frederick, 1972). Soil moisture was 
determined gravimetrically by drying subsamples at 105°C. Alkaline 
phosphatase activity was measured for each soil by the method of 
Tabatabai and Bremner (1969). Nodule occupancy was examined by 
agglutination serology (Vincent, 1970) as previously outlined in Section 
3. In 1982 and 1983, each nodule was tested against antisera from eight 
USDA Bradyrhizobium japonicum strains (135, 123, 122, 110, 94, 76, 31, 
and 6), but in 1984 antisera against USDA strains 142 and 138 were also 
used for a total of 10 antisera per nodule. 
Nodule Isolates 
Isolation 
Roots were thawed and individual nodules removed and surface-
sterilized in 95% ethanol for 1 to 2 min (depending on nodule size), then 
rinsed in sterile distilled water. Nodules were stabbed and streaked on 
yeast-extract mannitol agar (YEMA) that contained congo red. The medium 
was that of Cole and Elkan (1973) but modified by replacing Na2HP0^ with 
K^HPO^ (0.25 g L ^), increasing L-arabinose and yeast extract to 1.0 g 
L ^, and omitting the HEPES and MES organic buffers. After incubating 
for 10 d at 25°C, isolates were restreaked to check for purity, 
transferred to YEbîA slants, and stored at 4°C. The isolates obtained 
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were further screened on Lauryl (Difco Laboratories, 1953) and D1 (Kado 
and Baskett, 1970) media. 
Physiological testing 
Environmental stress Each isolate was tested for tolerance to a 
range of pHs (4.5, 6.5, 8.5), temperatures (5, 15, 25, 35®C), and NaCl 
concentrations (1, 10, 20, and 30 g L ^) on YEMA. Cultures were 
transferred from slants to test tubes containing 3.0 mL of sterile 
phosphate-buffered saline (PBS). The density in PBS was visually 
standardized to a number two McFarland tube and one drop was transferred 
by a sterile Pasteur pipette in duplicate to square-gridded petri plates 
that contained YEMA with pH or salt adjustments, or for incubation at the 
various temperatures. The pH of media was adjusted by adding HCl to 
obtain pR 4.5 or NaOH to obtain pH 8.5. The unadjusted medium was pH 
6.5, which also was the media pH used for the temperature and salinity 
tests. Relative growth was assessed after 10 d incubation. 
Plant infection test The ability of these same isolates to form 
nodules and their relative N^-fixation efficiencies were screened on 
Corsoy soybeans in growth pouches. Seeds were surface-sterilized by 
soaking 4 min in 95% ethanol followed by 5 rinses in sterile distilled 
water, then pregerminated in moist, sterile vermiculite for 24 to 48 
hrs. Two seedlings were aseptically transferred to each growth pouch, 
which contained 20 mL of sterile nutrient solution (Speidel and WoHum, 
1980). Duplicate pouches were each inoculated with 1.0 mL of PBS culture 
prepared for use in the environmental stress study and then randomized 
into two blocks. Two controls not receiving bradyrhizobia were used: 
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one was a noninoculated control that had the same N-free solution as 
added for the isolates and the second was a N control that contained 75 
mg N L ^ as KNOg added to the nutrient solution. Nutrient solution was 
applied only at planting and sterile distilled water was added as needed 
during growth. Conditions in the growth chamber were set for day/night 
temperatures of 27 and 20°C, respectively, with a daytime photoperiod of 
14 hrs. 
Plants were harvested at 4 weeks, and tops were separated from the 
roots. Cotyledon color was indexed as follows: 4 = dark green, 3 = pale 
green, 2 = yellow, and 1 = brown. Roots from each pouch were blotted dry 
and placed in a 0.4—L glass jar fitted with a rubber septum to assay for 
nitrogenase activity by acetylene reduction (Hardy et al., 1968). After 
the assay, nodules were counted and fresh nodule weights obtained. 
Data analyses were largely restricted to obtaining mean values for 
isolates and soils. Correlations among nodule serology and soil 
properties were examined each year. Comparisons among soils were 
qualitative since soil samples were composited within each site and field 
plants were considered as subsamples of each experimental unit (soil). 
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RESULTS AND DISCUSSION 
Nodule Serology 
Frequent serogroups observed in 1982 were 123 (69%), 122 (17%), 76 
(11%), and 6 (11%) (Table 3). Approximately half of the nodules reacted 
with one antiserum per nodule, a third reacted with more than one, and a 
tenth did not react with any antisera. Little 135 was found even though 
two soils were alkaline. 
Frequent serogroups observed in 1983 were 123 (82%), 122 (26%), 110 
(10%), 76 (20%), 31 (11%), and 6 (13%) (Table 4). Few unidentified 
serogroups were found; single and multiple reactions each accounted for 
about 45% of the nodules serotyped. Soils from the northeast (Hardin and 
Grundy counties) seemed to have more 122 (22 to 55%), 110 (7 to 28%), and 
135 (5 to 15%) than soil from other regions. The Floyd soil was unusual 
in that 55% of the nodules reacted with 122, almost all serogroups were 
present in 20 to 30% of the nodules, and 72% reacted with more than one 
antiserum per nodule. 
Serogroups 142 (31%), 123 (56%), and 110 (11%) predominated among 
the soils surveyed in 1984 (Table 5), and unidentified, single, and 
multiple reactions each accounted for nearly a third of the nodules 
serotyped. Most soils had more than 10% of the nodules that gave 
positive reactions with 142; several soils had 50% or higher 142. One of 
the Haig soils (soil number 21) appeared unique because of the low levels 
of 142 observed. In general, levels of 123 seemed to be less in soils 
from southeastern Iowa than in soils from other regions. 
Few significant correlations were found between serogroups and 
Table 3. Serology of native bradyrhlzobla In soybean nodules from Iowa soils surveyed during 
1982 
Serogroup Occurrence type 
Soil 135 123 122 110 94 76 31 6 Unidentified Single Multiple 
(%) 
Muscatine 23 79 21 6 0 8 2 6 4 63 33 
Waukee 2 50 15 15 2 21 4 23 15 48 37 
Ely 4 63 21 8 0 8 0 15 10 52 38 
Clarion 6 60 21 6 0 10 0 10 23 35 42 
Dlnsdale 2 77 17 2 2 15 2 10 15 50 35 
Colo 4 79 6 2 2 13 2 8 13 60 27 
Rossfleld 4 73 21 4 0 4 0 4 10 54 35 
Avg 3 69 17 6 0.9 11 1 11 13 52 35 
SEM^ 0.6 4.2 2.1 1.7 0.4 2.1 0.6 2.4 2.2 3.4 1.8 
^Values for each soil are averages based on 48 nodules. 
''SEM = Standard Error of the Mean. 
Table 4. Serology of native bradyrhlzobla In soybean nodules from Iowa soils surveyed during 
1983 
Serogroup Occurrence type 
Soil 135 123 122 110 94 76 31 6 Unidentified Single Multiple 
(%) 
Marshall 0» 88 8 5 1 19 1 11 7 56 37 
Ackmore 6 76 6 2 3 22 0 14 11 54 35 
Gal va 4 80 19 4 5 28 11 15 7 45 48 
Sac 2 86 9 1 1 28 6 18 4 58 38 
Canlsteo 4 79 42 7 3 7 3 7 9 45 46 
Clarion 2 77 42 7 3 11 3 8 16 33 51 
Maxfleld 10 83 23 13 15 30 15 20 15 40 45 
Sawmill 8 80 23 10 8 18 18 10 13 55 32 
Clyde 13 78 38 28 5 15 15 5 8 45 47 
Floyd 15 88 55 23 23 33 30 23 3 25 72 
Kenyon 10 83 28 13 13 20 13 8 5 58 37 
Readlyn 5 83 23 8 3 13 13 13 10 55 35 
Avg 7 82 26 10 7 20 11 13 9 47 44 
SENT 1.3 1.2 4.4 2.4 1.9 2.3 2.5 1.6 1.2 3.1 3.1 
^Values for each soil are averages based on 100 nodules (40 nodules for Maxfleld, Sawmill, 
Clyde, Floyd, Kenyon, and Readlyn soils). 
''SEM = Standard Error of the Mean. 
Table 5. Serology of native bradyrhizobla in soybean nodules from Iowa soils surveyed during 1984 
Serogroup Occurrence type 
Soil 142 138 135 123 122 110 94 76 31 6 Unidentified Single Multiple 
(%) 
Haig 25® 0 0 58 0 19 0 0 1 0 30 41 29 
Haig 4 2 0 41 0 7 0 0 0 2 51 44 5 
Crundy 36 1 0 40 8 9 2 1 1 1 37 29 34 
Taintor 50 7 1 75 1 20 2 0 1 1 16 21 63 
Mahaska 70 0 0 91 1 6 .0 1 1 0 8 17 75 
Otley 48 2 0 61 14 20 1 0 1 1 21 23 56 
Adair 24 0 0 44 3 4 0 0 3 0 46 33 21 
Edina 48 0 0 34 16 14 0 1 1 3 21 45 34 
Seymour 30 0 0 41 16 3 1 0 3 0 34 40 26 
Kllnger 11 9 1 60 0 17 0 0 0 1 34 41 25 
Flagler 15 4 0 57 1 5 0 1 0 2 36 43 21 
Nicollet 23 2 0 55 6 5 0 1 2 0 40 30 30 
Dlnsdale 15 9 4 65 1 19 0 0 1 3 30 38 32 
Avg 31 3 0.5 56 5 11 0.5 0.4 1 1 31 34 35 
SEM° 5.2 0.9 0.3 4.4 1.7 1.9 0.2 0.1 0.3 0.3 3.3 2.6 5.3 
^Values for each soil are averages based on 96 nodules (80 nodules for Adair, Edina, and 
Seymour soils). 
'^SEM = Standard Error of the Mean. 
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specific soil properties (Table 6) or among soil properties (Table 8). 
Serogroup 142 was inhibited (p<0.01) in soils with high pH and high 
phosphatase activity, but occurrence increased (p<0.001) as multiple 
reactions increased (Table 6). The high occurrence of serogroup 142 in 
multiple reactions agreed with the negative correlations with single or 
unidentified serogroups in the nodules (Table 7). These findings agree 
with those of Weaver et al. (1972), who also reported that nodule 
serology was little affected by soil properties. 
Physiological Testing 
Environmental stress 
pH Maxfield, Clyde, Kenyon, and Readlyn soils had isolates that 
grew better at pH 8.5 than at pH 4.5 (Table 9). Isolates from Galva and 
Sac soils grew equally well on acid and alkaline media; however, 
Marshall, Canisteo, and Clarion isolates were sensitive to alkaline 
conditions. In no case did isolates grow better at pH 4.5 or 8.5 than at 
pH 6.5. 
Temperature The best growth occurred at 25°C and most strains 
also grew well at 15°C. Maxfield, Clyde, and Kenyon isolates had a 
narrower range of temperature tolerance than other isolates and showed no 
growth in 10 d at 5 or 35°C. For the most part, these were also the 
isolates that grew well at the higher pP. A few isolates from other 
soils grew at 35°C. Munevar and Wollum (1981) also reported strains Chat 
grew at temperatures near 35°C. 
NaCl The best growth occurred at the lowest salt concentration 
and growth was inhibited as the concentration increased. Most soils had 
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Table 6. Correlations among soil properties and serogroups of native 
bradyrhizobia in soybean nodules from Iowa field soils surveyed 
during 1982 to 1984 
pH CM P K Zn S HOH PASE MPN 
142 -0.74* NS NS NS NS NS NS -0.78 NS 
** ** 
138 NS NS NS 0.58 0.57 NS NS NS NS 
* * 
135 NS 0.38 NS NS NS NS NS NS NS 
* 
123 NS NS NS NS NS NS NS NS NS 
122 NS 0.38 NS NS NS NS NS NS NS 
* 
110 NS NS NS NS NS NS 0.56 NS 0.33 
*** y/ 
94 NS NS NS NS NS NS NS NS 0.32 
# 
76 NS NS -0.31 NS NS NS NS NS NS 
# 
J1 NS MB Na "INS NÛ NS> INS "NS U.JD 
* 
6 NS NS -0.30 NS NS NS NS NS NS 
# 
Unidentified NS NS 0.33 NS NS NS NS NS NS 
# 
Single 0.47 NS NS NS NS NS NS 0.36 -0.31 
** * # 
Multiple NS NS NS NS NS NS NS NS NS 
^Values are correlation coefficients based on observations fron 32 
soils (13 soils for 142 and 138). 
' ' ' Significant at 0.05, 0.01, 0.001, and 0.10 probability 
levels, respectively (NS = not significant). 
Tab 
142 
138 
135 
123 
1 2 2  
110 
94 
76 
31 
6 
7, Correlations among aerogroups of native bradyrhlzobla In soybean nodules from Iowa field 
soils surveyed during 1982 to 1984 
Uniden-
142 138 135 123 122 110 94 76 31 6 tlfled Single Multiple 
NS NS NS NS NS NS NS NS NS -0.86* -0.73 0.90 
•kick kk kkk 
0.77 
A* 
NS NS 0.53 
// 
NS NS NS 0.54 
// 
NS NS NS 
0.52 0.70 0.40 0.82 0.67 0.83 0.57 -0.52 
k k  k k k  k  k k k  k k k  k k k  k k k  k k  
NS 0.35 
A 
0.39 NS 0.45 0.62 0.47 0.47 -0.81 NS 0.56 
k  k k  k k k  k k  k k  k k k  k k k  
NS 0.64 0.51 0.66 0.48 -0.56 
**A ** *** *)V *** 
NS 0.45 
** 
0.36 
* 
NS 0.39 
* 
NS NS -0.37 
* 
0.36 
A 
0.70 0.89 0.57 -0.40 
k k k  k k k  k k k  k  
NS 0.43 
* 
0.69 0.90 
k k k  k k k  
-0.67 
k k k  
0.37 
* 
0.31 
If 
0.56 
k k k  
-0.44 
* 
NS 0.38 
* 
-0.61 
i t k k  
0.35 
* 
NS 
Unidentified -0.37 -0.62 
* "kick 
Single -0.51 
** 
Multiple 
^Values are correlation coefficients based on observations from 32 soils (13 soils for 
serogroups 142 and 138). 
'"'»**»***»''signlficant at 0.05, 0.01, 0.001, and 0.10 probability levels, respectively 
(NS = not significant). 
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Table 8. Correlations among properties of Iowa field soils surveyed 
during 1982 to 1984 
pH CM P K Zn S HOH PASE MPN 
pH NS NS NS NS NS NS 0.41^ NS 
* 
OM NS NS NS NS 0.54 0.54 NS 
** ** 
P 0.78 0.77 NS NS NS NS 
*** *** 
K 0.79 0.58 NS NS NS 
*** *** 
Zn 0.35 NS NS NS 
* 
S NS 0.60 -0.34 
*** # 
HOH NS 0.41 
* 
PASE -0.45 
** 
MPN 
^Values are correlation coefficients based on observations from 32 
soils. 
""'"'"^Significant at 0.05, 0.01, 0.001, and 0.10 probability 
levels, respectively (NS = not significant). 
Table 9. Temperature, pH, and salt tolerance of bradyrhlzobia Isolated from soybean nodules of 
Iowa soils surveyed during 1983 
Number of Percentage of Isolates growing at 
Isolates gH Temperature (°C) NaCl (g L *) 
Soil tested 4.5 6.5 8.5 5 15 25 35 1 10 20 30 
(%) 
Marshall 9 100® 100 0 22 100 100 33 100 44 22 0 
Ackmore 12 100 100 58 83 100 100 33 100 67 33 0 
Ralva 9 100 100 100 89 100 100 44 89 44 11 0 
Sac 9 100 100 89 67 100 100 44 100 44 22 0 
Canisteo 17 76 100 12 18 94 100 24 94 41 29 12 
Clarion 12 67 100 0 8 67 100 25 58 17 8 0 
Maxfield 5 20 100 80 0 40 100 0 80 60 0 0 
Clyde 5 20 100 80 0 40 100 0 100 80 0 0 
Kenyon 3 0 100 33 0 33 100 0 33 33 0 0 
Readlyn 9 0 100 67 78 78 100 22 89 67 0 0 
Avg 58 100 52 36 75 100 22 84 50 12 1 
SEM^ 14 0 12 12 9 0 5 7 6 4 1 
^Values for each soil are the average percentage of Isolates that produced observable 
growth in 10 d on YEMA based on duplicate platings of each isolate. 
'^SEM = Standard Error of the Mean. 
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some isolates sensitive even to the lowest level tested (1 g NaCl L ^). 
Isolates from Kenyon and Clarion soils were particularly sensitive to 
NaCl; however, a few from the Canisteo soil showed some growth at the 
highest level tested. Usually less than 50 and 30% of the isolates 
examined were capable of growth at 10 and 20 g NaCl L ^, respectively. 
This agrees with the work of Sadowsky et al. (1983) and Jordan (1984), 
who reported that slow-growing B. japonicum strains rarely grow at NaCl 
concentrations greater than 20 g L 
Plant infection assay 
The efficiency index of isolates, compared with the noninoculated 
control, ranged from a low of 20% increase to a high of 65% increase for 
Kenyon and Marshall soils, respectively (Table 10). Most soils showed 
increases in the 40 to 60% range and seemed to have isolates that were 
comparable to the N control. Most soils had isolates that formed at 
least 20 nodules; nodule size varied from 1.1 to 1.8 mg per nodule. 
Based on acetylene reduction, Galva soil had the least efficient isolates 
and Clyde soil the most efficient isolates (0.18 and 0.54 nM mg"^ 
nodule s \ respectively). 
Summary 
Results from this study largely agree with previous survey work 
reported in Iowa (Damirgi et al., 1967; Gibson et al., 1971; Ham et al., 
1971; Weaver et al., 1972) in that serogroup 123 tends to dominate 
soybean nodules in field soils. But unlike previous reports, our results 
failed to locate soils in which 123 was not dominant. Serogroup 135 was 
nearly absent in several soils having alkaline reactions that approached 
Table 10. Growth, nodulatlon, and efficiency of Corsoy soybeans In growth pouches Inoculated with 
bradyrhlzobla Isolated during 1983 
Soil 
Shoot 
Dry 
Weight 
Efficiency 
Index^ Number 
Nodule 
Size 
Fresh 
Weight 
Nltrogenase 
Activity 
Dry 
Weight 
Cotyledon 
Color 
Rating^ 
(mg) (%) 
mg ° ». 1 (nodules) (nodule ) (mg) 
(nM CgH^ 
mg ^ s ^) (cotyledon ^) (scale) 
mg 
Marshall 191^ 65 24 1.4 33 0.33 24 3.8 
Ackmore 168 46 25 1.5 34 0.25 19 3.8 
Gal va 166 45 20 1.3 26 0.18 20 3.6 
Sac 167 47 25 1.1 32 0.24 17 3.8 
Canlsteo 170 50 26 1.2 34 0.22 19 3.7 
Clarion 183 60 22 1.8 39 0.28 15 3.7 
Maxfleld 171 49 30 1.1 33 0.26 22 3.8 
Clyde 163 42 20 1.4 26 0.54 18 3.8 
Kenyon 138 20 19 1.1 19 0.21 21 3.4 
Readlyn 157 38 21 1.4 28 0.32 17 3.7 
Controls CK 115 0 0 0 0 0 21 4.0 
N 162 41 0 0 0 0 27 3.7 
Avg 169 48 23 1.3 31 0.27 19 3.7 
SEM" 4 3 1 0.1 1 0.02 1 0.04 
^Efficiency index represents the increased shoot blomass compared with the control (CK). 
''Color Rating Scale: 4 = dark green, 3 = pale green, 2 = yellow, 1 = brown. 
'^Values are averages of each soil based on duplicate pouches for each Isolate. Controls 
are based on two pouches. (The number of Isolates tested in each soil are presented in Table 9.) 
^SEM = Standard Error of the Mean. 
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pH 8.0. This work also seems to show less c3 but more 122 and 110 
serogroups than previously reported. 
Nodules from the soil with its first crop of soybeans were 
serologically similar to nodules from other soils. This may be because 
of its low position on the landscape where an influx of bradyrhlzobia 
probably occurred in soil eroded from higher landscape positions. 
Likewise, soils receiving additions of livestock manure had similar 
serogroups in soybean nodules as soils not receiving manure. This agrees 
with research reported in Section 3 in that high levels of added N had 
negligible effects on nodule serology. The high levels of serogroup 142 
found in 1984 have not been previously reported in Iowa. Often the 
occurrence of 142 was not reflected in higher levels of 122, even though 
both strains belong to the same serogroup. This suggests that even 
though they belong to the same serogroup, these two strains are 
antigenically different. Most soils had many nodules capable of reacting 
with more than one antiserum per nodule. The majority of the nodules 
examined were identified with the antisera used. 
Correlations among serogroups and soil properties were quite 
variable and often inconsistent between years. The screening of nodule 
isolates in the laboratory suggested a fairly wide range of diversity 
regarding pH, temperature, NaCl tolerance, and R^-fixing efficiency. 
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SUMMARY AND DISCUSSION 
Field plots were established using Corsoy soybeans inoculated with 
22 Bradyrhizobium .japonicum strains to determine if these strains could 
compete against established bradyrhizobia to form nodules when introduced 
at standard rates for granular inoculants. Seven to 12 strains were 
applied at 10^ viable cells per cm of row on two or three soils each of 3 
yr. Results showed that strain recovery ranged from 0 to 46%. Each soil 
had at least one strain that occupied 18% or more of the nodules; 
however, this level of recovery was delayed until after flowering in an 
alkaline soil. In general, introduced strains that belonged to serogroup 
123 were the best competitors, but some members of other serogroups were 
also competitive. 
Higher strain recoveries in the nodules did not increase seed yields 
or N content of soybeans, compared with noninoculated controls. Grain 
yields and forage N were increased 30 to 40% between nodulating and 
nonnodulating Clark isolines. These finds indicated that the native 
strains were active in N^-fixation and were apparently as efficient as 
the introduced strains. Results substantiate earlier work in that 
successful introduction of inoculum strains into soils that contain 
indigenous populations is difficult. We were successful, however, in 
identifying strains that were competitive against native bradyrhizobia^ 
Management factors such as the choice of cultivars, use of 
commercial inoculum, or high levels of N fertilizer did not alter the 
serogroup distribution of bradyrhizobia in soybean nodules grown in seven 
131 
soil environments. Other researchers also have reported that serology is 
not affected by additions of fertilizer N. 
Surveys of 32 soils across central Iowa failed to locate any soil 
where serogroup 123 was not a major component of the native 
bradyrhizobial population. Nodule occupants that were serologically 
similar to USDA 142 were frequently observed in 1984 and were often 
associated with nodules that reacted with more than one antiserum per 
nodule. Many of these mixed reactions involved serogroup 123 but only 
occasionally serogroup 122, even though 142 and 122 are reported to 
belong to the same serogroup. Serogroup 135 is reported to be the major 
component of alkaline soils and this was observed in Canisteo soil in 
1983, but many alkaline soils surveyed had low levels of 135 in soybean 
nodules even when soil pHs approached 8.0. 
In general, less c3 and more 122 and 110 serogroups were observed in 
Iowa soils than previously reported. Nodules from soils not planted 
before to soybeans and soils where livestock manure was incorporated were 
not serologically different from nodules in other soils. Nodule isolates 
varied in their ability to grow under environmental stresses of pH, 
temperature, and salt concentrations as well as in their nodulation and 
N2-fixation efficiency in the laboratory. 
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the heavens and in the earth is Thine; Thine is the kingdom, 0 
Lord, and Thou art exalted as head above all. Both riches and 
honor come from Thee, and Thou rulest over all. In Thy hand 
are power and might; and in Thy hand it is to make great and 
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Table A.la. Analysis of variance for strain recovery and grain yield of 
introduced Bradyrhizobium .japonlcum with Corsoy soybeans in 
Iowa soils during 1983 
Source df 
Sum of 
Squares 
F 
Value Pr>F df 
Sum of 
Squares 
F 
Value Pr>F 
-Strain recovery (R2)- -Strain recovery (R6 .5)-
Trt 7 3145 2.55 NS 7 1667 1.04 NS 
CK vs. N NA NA NA NA NA NA NA NA 
Inoc vs. inoc"*" NA NA NA NA NA NA NA NA 
SG vs. AN (1) 56 0.30 NS (1) 248 1.09 NS 
123 vs. nonl23 (1) 2267 12.84 ** (1) 791 3.47 NS 
Between 123 (1) 294 1.67 NS (1) 282 1.24 NS 
122 vs. 110 (1) 15 0.08 NS (1) 170 0,59 NS 
Among 110 (3) 513 0.97 NS (3) 176 0.20 NS 
Soil ' 2 1603 4.54 * 1 278 1.22 NS 
Trt*Soil 14 2471 1.71 # 7 1597 1.66 NS 
Pooled error^ 63 6293 42 5486 
^Sun of Square values for grain yield (soils pooled) are from 
analysis of data with units in bushels per acre. 
^Actual pooled error df are 61, AO, and 77 for strain recovery at 
R2, R6.5, and for grain yield, respectively, because of missing values. 
"^""«^Significant at 0.05, 0.01, and 0.10 probability levels, 
respectively (NS = not significant, NA = not applicable, tr = trace). 
Sum of F 
df Squares Value Pr>F 
•Grain yield 
9 552* 2.60 * 
(1) 311 14.81 ** 
(1) 37 1.59 NS 
(1) 13 0.57 NS 
(1) 7 0.30 NS 
(1) tr 0 NS 
(1) 58 2.47 NS 
(3) 111 1.57 NS 
2 226 4.79 * 
18 425 1.15 NS 
81 1581 
Table A.lb. Analysis of variance for strain recovery of Introduced Hradyrhlzobium japonicum 
with Corsoy soybeans in Iowa soils during 1983 
Sum of F Sum of F 
Source df Squares Value Pr>F Squares Value Pr>F 
"Dinsdale— —Canlsteo— 
Blk 3 521 1.98 NS 763 2.96 // 
Trt 7 1806 2.94 * 1250 2.08 if 
SG vs. AN (1) tr 0 NS 89 1.03 NS 
123 vs. nonl23 (1) 1187 13.49 ** 286 3.33 // 
Between 123 (1) 441 5.01 * 625 7.27 * 
122 vs. 110 (1) 86 0.98 NS 85 0.99 NS 
Among 110 (3) 97 0.37 NS 165 0.64 NS 
Blk*Trt 21 1840 0.55 NS 1806 0.90 NS 
Sample Date 1 69 0.43 NS n i l  11.64 AA 
Trt*Sample Date 7 625 0.56 NS 1597 2.39 A 
Residual Error 24 3194* 2292 
®Based on 20 df because of missing Vcilues in Dinsdale soil. 
'**'^''significant at 0.05, 0.01, and 0.10 probability levels, respectively 
(NS = not significant, tr = trace). 
Table A.2. Analysis of variance for strain recovery, grain yield, and 
seed N of introduced Bradyrhizobium .japonicum with Corsoy 
soybeans in Iowa soils during 1984 
Sum of F 
Source df Squares Value Pr>F 
—Strain recovery (R2)— 
Trt 13 5563% 7. 09 ** 
Inoc" vs. Inoc^ (1) NA NA NA 
SG vs. AN (1) ND ND ND 
123 vs. nonl23 (1) 3513 49. 20 *** 
chl vs. chl"*"^ (1) 69 0. 97 NS 
94 vs. 76 (1) 615 8. 61 ** 
single chl"*" vs. double chl^ (1) 73 1 .02 NS 
110 vs. c3 (1) 17 0 .24 NS 
Between 110 (1) 343 4 .80 * 
Among c3 (5) 933 2 .61 NS 
Soil 1 59 0 .83 NS 
Trt*Soil 13 785^ 2 .87 ** 
Pooled error 124 2190^ 
^Based on 11 df for strain recovery because recovery was not 
estimated from the SG or CK treatments. 
^Abbreviations chl and chl^ refer to chlorosis—inducing and 
nonchlorosis-inducing strains, respectively. 
^Based on 88 df for strain recovery. 
* *** Jl 
' ' ' Significant at 0.05, 0.01, 0.001, and 0.10 probability 
levels, respectively (NS = not significant, NA = not applicable, ND -
not determined, tr = trace). 
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Sum of F Sum of F 
Squares Value Pr>F Squares Values Pr>F 
•Grain yield Seed N' 
1.00 1.37 if 153 1.41 NS 
0.26 6.43 * tr 0 NS 
0.07 1.25 NS tr 0 NS 
0.04 0.71 NS 3 0.36 NS 
0.13 2.32 NS tr 0 NS 
0.26 4.72 * 11 1.34 NS 
0.01 0.18 NS tr 0 NS 
0.01 0.18 NS 92 10.95 TfX 
0.03 0.57 NS 10 1.17 NS 
0.09 0.31 NS 40 0.95 NS 
14.57 260.20 *** 588 70.13 *** 
0.73 0.79 NS 109 1.39 NS 
8.87 750 
Table A.3. Analysis of variance for strain recovery, grain and forage 
yields, and forage N of introduced Bradyrhizobium japonicum 
with Corsoy and Clark (nodulating and nonnodulating 
isolines) soybeans in Iowa soils during 1985 
Sum of F Sum of F 
Source df Squares Value Pr>F Squares Value Pr>F 
—Strain recovery— Grain yield-
Trt 15 17,683® 10.22 *** 15.24 8.77 *** 
Clark vs. Corsoy (1) NA NA NA 10.27 85.85 *** 
Between Clark (1) NA NA NA 3.36 28.02 *** 
Inoc vs. inoc^ (1) NA NA NA 0.18 1.50 NS 
SG vs. AN (1) ND ND ND 0.03 0.25 NS 
123 vs. nonl23 (1) 358 2.27 NS 0.04 0.34 NS 
Between 123 (1) 5281 33.42 *** 0.04 0.34 NS 
Unknown vs. knowns (1) 207 1.31 NS 0.07 0.58 NS 
Between unknowns (1) 1445 9.15 * 0.31 2.60 NS 
110,122 vs. cl,c3 (1) 213 1.35 NS 0.22 1.83 NS 
110 vs. 122 (1) 79 0.50 NS 0.01 0.08 NS 
Between 110 (1) 2184 13.82 ** 0.54 4.54 * 
cl vs. c3 (1) 2448 15.49 ** 0.07 0.58 NS 
Between cl (1) 151 0.96- NS 0.05 0.42 NS 
Among c3 (2) 5317 17 = 02 ** 0.02 0.08 NS 
Soils 1 275 1.74 NS 1.98 16.90 *** 
Trt*Soil 15 1739* 3.65 *** 1.74 1.99 * 
Pooled error 117 3773b 6.79 
^Based on 11 df for strain recovery because recovery was not 
estimated from the SG or CK treatments. 
^Based on 87 df for strain recovery and 117 df for grain and forage 
responses (because of missing values). 
"k ** ickic ii 
' ' ' Significant at 0.05, 0.01, 0.001, and 0.10 probability 
levels, respectively (NS = not significant, NA = not applicable, ND = 
not determined, tr = trace). 
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Sum of F Sum of F 
Squares Value Pr>F Squares Value Pr>F 
Forage yield 
11.71 0.71 
0.72 0.65 
0.97 0.88 
2.94 2.67 
0.81 0.73 
0.09 0.08 
0.92 0.84 
tr 0 
0.80 0.73 
0.57 0.52 
0.89 0.81 
1.01 0.92 
0.38 0.35 
0.20 0.18 
1.41 0.64 
6.75 6.13 
16.57 2.18 
58.93 
NS 1475 
NS 635 
NS 616 
NS 8 
NS 5 
NS tr 
NS 20 
NS 68 
NS tr 
NS 3 
NS 28 
NS 42 
NS 1 
NS tr 
NS 49 
* 517 
* 156 
727 
Forage N 
9.45 *** 
61.06 *** 
59.23 *** 
0.77 NS 
0.48 NS 
0 NS 
1.92 NS 
6.50 * 
0.04 NS 
0.29 NS 
2.69 NS 
4.04 # 
0.05 NS 
0.04 NS 
2.37 NS 
49.63 *** 
1.72 # 
Table A,4. Analysis of variance for grain and forage yield and seed and forage N, with and 
without N fertilizer, In Iowa soils during 1984 and 1985 
Source df 
Sum of F 
Squares Value Pr>F 
Sum of 
Squares 
F 
Value Pr>F 
Sum of 
Squares 
F 
Value Pr>F 
-Grain yield (1985)- -Forage N (1985)- -Forage yield (1985) 
Trt 2 0.04 0.01 NS 5.0 0.51 NS 0.97 1.06 NS 
Soil 1 0.14 0.67 NS 1.3 0.27 NS 18.76 41.01 * 
Trt*Soll 2 0.41 5.64 A 9.7 1.15 NS 0.91 0.34 NS 
Pooled error 14 0.51 59.1 18.85 
-Grain yield (1984)- —Seed N (1984)--
Trt I 0.25 6.55 NS 62.0 8.28 NS 
Soil 1 3.35 89.24 // 0.3 0.05 NS 
Trt*Soll 1 0.04 0.83 NS 7.5 1.10 NS 
Pooled error 18 0.81 122.0 
A // 
' Significant at 0.05 and 0., 10 probability levels, respectively (NS = not significant). 
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Table B.la. Analysis of variance for serogroup distribution of native 
bradyrhizobia from Corsoy soybean nodules at flowering 
(R2), with and without N fertilizer, in Iowa soils during 
1983 
Sum of F Sum of F 
Source df Squares Value Pr>F Squares Value Pr>F 
Trt 1 1140 
—142— 
1.26 NS 150 
—138— 
1.82 NS 
Soils 2 5691 3. 16 NS 1375 8. 30 NS 
Trt*Soil 2 1803 8. 81 ** 166 1. 16 NS 
Pooled error 8 819 571 
Trt 1 94 
122-
0.94 NS 198 
94— 
2.53 NS 
Soil 2 199 1. 00 NS 157 1. 00 " NS 
Trt*Soil 2 199 5. 79 * 157 0. 61 NS 
Pooled error 8 137 1034 
6 —Unidentified— 
Trt 1 215 2.99 NS 724 0.99 NS 
Soil 2 193 1.34 NS 1542 1.05 NS 
Trt*Soil 2 144 0.22 NS 1466 1.55 NS 
Pooled error 8 2648 3775 
' Significant at 0,05 and 0.01 probability levels, respectively 
(NS = not significant). 
144 
Sum of F 
Squares Value Pr>F 
— 
—135 — 
16 J 0.94 NS 
8874 25.61 * 
347 0.99 NS 
1394 
Sum of F 
Squares Value Pr>F 
—123 
1038 2.72 NS 
3725 4.90 NS 
763 1.73 NS 
1767 
—7 6 
10 0.94 NS 
23 1.00 NS 
23 0.85 NS 
108 
4 0.94 NS 
8 1.00 NS 
8 0.85 NS 
38 
——Single———— ——Multiple—"™ 
33 0.16 NS 510 1.67 NS 
7218 17.49 A 3743 6.14 NS 
413 0.53 NS 610 4.32 * 
3094 564 
Table B.lb. Analysis of variance for serogroup distribution of native 
bradyrhizobia from Corsoy soybean nodules at late pod fill 
(R6.5), with and without N fertilizer, in Iowa soils during 
1983 
Source df 
Sum of ? 
Squares Value Pr>F 
Sum of 
Squares 
F 
Value Pr>F 
Trt 1 14 
142— 
49.00 NS 10 
138— 
1.00 NS 
Soils 1 2538 8702,22 ** 2 0.25 NS 
Trt*Soil 1 0.3 tr NS 10 1.43 NS 
Pooled error 5 1454 33 
——110— 
Trt 1 9 0.15 NS 5 1.00 NS 
Soil 1 1249 21.84 NS 5 1.00 NS 
Trt*Soil 1 57 0.45 NS 5 0.71 NS 
Pooled error 5 642 38 
Trt 1 110 1.00 NS 31 2.25 NS 
Soil 1 110 1.00 NS 991 72.25 # 
Trt*Soil 1 110 5.71 # 14 0.13 NS 
Pooled error 5 96 
-Multiple-
540 
Trt 1 938 6304.36 ** 
Soil i 750 5041.00 ** 
Trt*Soil 1 0.1 tr NS 
Pooled error 5 654 
*'**'*Signifi 
respectively (NS 
cant 
= not 
at 0=05, O.Oi, and 
significant, tr = 
0.10 probability 
trace). 
levels, 
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Sum of F Sum of F 
Squares Value Pr>F Squares Value Pr>F 
——135 —123— — 
1035 1.00 NS 202 0.14 NS 
11286 10.90 NS 842 0.57 NS 
1035 1.88 NS 1464 3.17 NS 
2752 2311 
___94 
68 457.96 # 28 1.00 NS 
357 2401.00 * 28 1.00 NS 
0.1 tr NS 28 1.43 NS 
754 96 
Unidentified Single 
1 tr NS 901 13.22 NS 
92 1.00 NS 1298 19.05 NS 
92 0.25 NS 68 0.16 NS 
1855 2169 
Table B.2. Analysis of variance for serogroup distribution of native 
bradyrhizobia from Corsoy soybean nodules at flowering (R2), 
with and without N fertilizer, in Iowa soils during 1984 
Source df 
Suûl of 
Squares 
Y 
Value Pr>F 
Sum of 
Squares 
F 
Value Pr>F 
-142 135— 
Trt 1 1127 2. 09 NS 1.7 1 .00 NS 
Soils 1 3000 5. 56 NS 3.3 2 .00 NS 
Trt*Soil 1 540 6. 63 * 1.7 0 .47 NS 
Pooled error 18 1467 63.3 
Trt 1 2 
110-
1.00 NS 27 1 
31 
.00 NS 
Soil 1 83 50. 00 # 13 0 .50 NS 
Trt*Soil 1 2 0. 11 NS 27 2 .25 NS 
Pooled error 18 263 213 
Single Multiple 
Trt 1 807 30.25 NS 375 1.33 NS 
Soil 1 1203 45.13 # 2803 9.95 NS 
Trt*Soil 1 27 0.11 NS 282 2.16 NS 
Pooled error 18 4300 2343 
* it 
'Significant at 0.05 and 0.10 probability levels, respectively 
(NS = not significant). 
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Sum of F 
Squares Value Pr>F 
-123— 
1815 2.47 NS 
0 0 NS 
735 4.07 
3250 
Sum of F 
Squares Value Pr>F 
122 
2 0.11 NS 
1080 72.00 
15 0.08 NS 
3183 
——Unident i f ied™—"* 
2 1.00 NS 2235 4.74 NS 
3 2.00 NS 333 0.69 NS 
2 0.11 NS 482 1.98 NS 
263 4370 
Table B.3. Analysis of variance for serogroup distribution of native 
bradyrhizobia from Corsoy soybean nodules at early pod fill 
(R3), with and without N fertilizer, in Iowa soils during 
1985 
Source df 
Sum of 
Squares 
F 
Value Pr>F 
Sum of 
Squares 
F 
Value Pr>F 
135-
Trt 1 81 1.25 NS 17 0.41 NS 
Soils 1 11 0.17 NS 2 0.04 NS 
Trt*Soil I 65 0.37 NS 41 4.58 * 
Pooled error 16 16 143 
Trt 1 43 1.63 NS 7 0.12 NS 
Soil 1 77 2.95 NS 1 0.01 NS 
Trt*Soil I 26 0.48 NS 63 5.09 * 
Pooled error 16 872 197 
Unidentified- -Single— 
Trt 1 1031 1.53 NS 285 17.13 NS 
Soil 1 18 0.03 NS tr 0.01 NS 
Trt*Soil 1 675 2.40 NS 17 0.10 NS 
Pooled error 16 4496 2795 
*'''^Significant at 0.05 and 0.10 probability levels, respectively 
(NS = not significant, tr = trace). 
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Sum of F. Sum of F 
Squares Value Pr>F Squares Value Pr>F 
— •122 
2321 9.41 NS 58 0.18 NS 
68 0.28 NS 314 0,99 NS 
247 0.62 NS 318 1.99 NS 
6392 2560 
7 80.00 » 
tr 2.00 NS 
tr 0.01 NS 
126 
17 0.41 NS 
42 1.02 NS 
41 0.97 NS 
676 
Multiple 
224 0.25 NS 
22 0.03 NS 
889 5.40 * 
2637 
Table B.4. Analysis of variance for serogroup distribution of native 
bradyrhizobia from Corsoy and Clark soybean nodules at late 
flowering (R2 to R3) in Iowa soils during 1985 
Sum of F Sum of F 
Source df Squares Value Pr>F Squares Value Pr>F 
Trt 2 40 
—142— 
0.39 NS 1 
138— 
0.05 NS 
Soils 1 340 6. 67 NS 15 1. 31 NS 
Trt*Soil 2 102 0. 76 NS 22 1. 41 NS 
Pooled error 15 1005 127 
Trt 2 12 
—110— 
0.30 NS 5 1. 
76-
00 NS 
Soil 1 247 12. 35 § 8 3. 20 NS 
Trt*Soil 2 40 1. 26 NS 5 0. 51 NS 
Pooled error 15 379 73 
—Unidentified— Single—: 
Trt 2 39 10. ,26 # 171 26. ,76 * 
Soil 1 30 15. 79 # 403 125, ,94 ** 
Trt*Soil 2 4 0. 01 NS 6 0. 02 NS 
Pooled error 15 1989 2471 
****)^Significant at 0.05, 0.01, and 0.10 probability levels, 
respectively (NS = not significant). 
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Sum of F 
Squares Value Pr>F 
123 
37 0.18 NS 
538 5.09 NS 
211 0.65 NS 
2604 
Sum of F 
Squares Value Pr>F 
122— ——— 
3 0.03 NS 
780 12.94 # 
121 1.16 NS 
1425 
5 0.42 NS 
13 to
 
NS 
12 0.49 NS 
183 
•6 
115 7.90 NS 
108 14.79 if 
15 0.47 NS 
233 
Multiple 
81 8.70 # 
230 49.56 * 
9 0.04 NS 
2116 
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APPENDIX C. 
Table C.l. Tolerance of native bradyrhlzobia Isolated from soybean nodules surveyed In 1983 to a 
range of pH, temperature, and NaCl conditions 
solate 
Nodule 
Serology^ 
pH Temperature (°C) NaCl (g L-1) Allied^ 
Code 4.5 6.5 8.5 5 15 25 35 1 10 20 30 
-Marshall soil-
Sl-1 D + - - + - + + - 409 SR 
Sl-2 D + + - - + + - + + + — X 
Sl-3 DH + + - - + + + + + + - X 
Sl-4 D + + - - + + - + - - -
Sl-6 DH + + - - + + - + - - — X 
Sl-7 D + + - - + + + + - - — X 
S1-8 D + + - - + + - + - - - X 
Si-9 DF + + - + + + + + + - - X 
81-10 DJ + + - + + + - + - - — 407 SSp 
% + growth (9) 100 100 0 22 100 100 33 100 44 22 0 
^Nodule serology abbreviations are positive agglutination reactions with antiserum prepared 
against USDA BradyrhizobJum japonicum strains; C = 135, D = 123, E = 122, F = 110, G = 94, H = 76, 
I = 31, J = 6, and Z = unidentified. Values in parentheses are the number of Isolates tested. 
''Allied Code: x represents Isolates sent to Allied for additional screening, but were not 
returned; numerical values represent isolates returned by Allied with antibiotic markers (S = 
Streptomycin, K = Kanamycin, R = Rlfampicin, and Sp = Spectlnomycln at the same concentrations used 
In the competition studies). 
'^Symbols represent presence (4) or absence (-) of growth after 10 d incubation on YEMA under 
each set of conditions. 
Table C.l. (Continued) 
Nodule glj 
Isolate Serology* 4,5 6.5 8.5 
S2-1 GH + + 
S2-2 Z + + + 
S2-3 DE + + -
S2-4 Z + + -
S2-5 D + + -
S2-6 D + + + 
S2-7 D + + -
S2-8 DJ + + + 
S2-9 D + + + 
S2-10 Z + + + 
S2-11 D + + + 
S2-12 D + + + 
% + growth (12) 100 100 58 
S3-1 D + + + 
S3-2 DH + + + 
S3-3 D + + + 
S3-4 D + + + 
S3-5 D + + + 
S3—6 D + + + 
NaCl (il L"^) Allied*' Temperature (°C) 
5 15 25 35 1 10 20 30 Code 
-Ackraore soil-
+ + — — X 
— + + — + + — — 
 ^  ^ —« 
+ + + — + — — — 403 SSp 
+ -I- + — + + + — 
+ H + — + + + — 406 S 
+ "f — — — h-* 
+ + + + + + — — oî 
+ + + + + + + — X 
+ + + + + + + — 414 SSp 
+ + + — + + — — 
+ + + + + — — — X 
83 100 100 33 100 67 33 0 
•Galva soll-
+ + + — + 
+ + + + + 
+ + + + + 
+ + + + + 
+ + + — + 
+ + + — + 
Table C.1. (Continued) 
Nodule jiH 
Isolate Serology^ 4.5 6.5 8.5 
S3-7 D + + + 
S3-9 Z + + + 
83-10 D + + + 
% + growth (9) 100 100 100 
S4-1 D + + + 
S4-2 D + + + 
S4-3 D i- + + 
S4-5 D + + + 
S4-6 D + + -
S4-8 D + + + 
S4-9 D + + + 
S4-10 D + + + 
S4-11 CDJ + + + 
% + growth (9) 100 100 89 
Temperature (°C) NaCl (R L ^) Allied^ 
5 15 25 35 1 10 20 30 ' Code 
+ + + 
+ + + 
- + + 
+ + X 
X 
89 100 100 44 89 44 11 
-Sac soil-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
4 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ + 
+ 
X 
401 S 
410 S 
400 SSp 
67 100 100 44 100 44 22 
Table C.l. (Continued) 
Nodule pH 
Isolate Serology® 4.5 6.5 8.5 
Hl-1 DE - + -
Hl-3 DE + + -
H1-4 EF + + -
Hl-5 Z + + -
H1-6 DG + + -
Hl-8 J + + -
Hl-10 D + + -
Hl-11 Z + + -
Hl-12 DE + + -
Hl-13 D — + + 
Hl-14 D + + -
ni-15 DH + + -
Hl-16 CDG •f + + 
Hl-17 E + + -
Hl-19 Z - + -
111-20 D - + -
Hl-21 DE + + -
% + growth (17) 76 100 12 
Temperature (°C) NaCl (g L"^) Allied^ 
5 15 25 35 1 10 20 30~ Code 
-Canlsteo soil-
— + + — + — — X 
— + + — + — — — 404 SSp 
— + + + — 
— + + — + + + — 
+ + + + + 4- — — 
— 4- + — 4- + — " 411 S 
—  4 - 4 *  —  4 "  — — " 405 S 
—  4 *  +  —  +  —  —  X  
—  4 -  +  —  +  +  +  H  
«n — «M M» 
+ + + + + + + — X 
+ + + + + + + + 
— + + - + + + - 416 SR 
— + + — + — — X 
18 94 100 24 94 41 29 12 
Table C.l, (Continued) 
Isolate 
Nodule 
Serology^ 
JÎÎL 
4.5 6.5 8.5 
H2-2 
H2-3 
H2-4 
H2-5 
H 2-6 
H2-7 
H2-9 
H2-U 
H2-12 
H2-15 
H2-16 
H2-I8 
Gl-1 
Gl-2 
Gl-4 
Gl-7 
Gl-8 
DEJ 
DE 
DE 
DE 
DFH 
DEFJ 
DE 
D 
DE 
DE 
F 
Z 
% + growth (12) 
D 
Z 
DE 
DU 
DGHJ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
67 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
100 
+ 
+ 
+ 
+ 
+ 
0 
+ 
+ 
+ 
+ 
% + growth (5) 20 100 80 
Temperature (°C) NaCl (g L ^) Allied^ 
5 15 25 35 1 10 20 30 Code 
-Clarion soii-
+ + + — + + + — 408 S 
— + + — + — — — 419 S 
— — + — — — — — 413 KS 
— + + — + + — — 402 S 
M mm  ^ — «i* — —* —  ^
" + + 4" — — — X 
— + + + + — — — 810R 
— mm ^ 
— + + — — — — — X 
— + + + 4" ™ " 
8 67 100 25 58 17 8 0 
— + + — + — X 
— — + — — — — — 423 KS 
— + + — + + —  ^ X 
— — + — + + — — 
— — -F — + + — — X 
0 40 100 0 80 60 0 0 
Table C.l. (Continued) 
Nodule gH 
Isolate Serology^ 4.5 6.5 8.5 
G3-1 D + + + 
G3-2 DE - + + 
G3—3 D — + + 
G3—A DF + — 
G3-5 DE - + + 
% + growth (5) 20 100 80 
G5—1 D — + — 
G5-2 D - + -
C5-3 ECU - + + 
% + growth (3) 0 100 33 
Temperature (°C) NaCl (g L ^) Allied 
5 15 25 35 1 10 20 30 Code 
-Clyde soil-
•" + — + + — — X 
+ — + + — — X 
— + — + + — — 
+ + — + + — — X 
+ + — + — — ~ 
40 100 0 100 80 0 0 
-Kenyon soil-
—  4 "  +  —  +  4 -
0 33 100 0 33 33 
Table C.l. (Continued) 
Nodule gif Temperature (°C) NaCl (g L Allied^ 
Isolate Serology* 4.5 6.5" 8.5 5 15 25 35 1 10 20 30 Code 
-Readlyn soil-
G6-1 D - + - + + + - 4 4- - -
G6-2 DEHJ - + + + - + - + - - - X 
G6-3 D - + + + + + + + + - -
G6-4 D - + + + + + - 4 4- - - X 
G6-5 J - + + + + + + + 4- - -
G6-6 DJ - + - - + + - 4 - - -
G6-7 DH - + + + + + - + 4- - -
G6-9 D - + + + + + - + 4- - - 415 
G6-10 D - + - - - + - - - - - 412 
X + growth (9) 0 100 67 78 78 100 22 89 67 0 0 
Table C,2. Growth, efficiency, and nodulatlon of Corsoy soybeans assayed in growth pouches 
inoculated with native bradyrhizobia isolated from soybeans surveyed in 1983 
Isolate 
Shoot 
Dry 
Weight 
Efficiency 
Index a Number 
Nodule 
Size 
Fresh 
Weight 
Nitrogenase 
Activity 
Dry 
Weight 
Cotyledon 
Color 
Rating^ 
(mg) (%) 
mg 
(nodules) (nodule ^) (mg) 
(nM CpH^ 
rag 
mg ^ s (cotyledon ^) (scale) 
-Marshall soll-
Sl-1 
Sl-2 
Sl-3 
Sl-4 
Sl-6 
Sl-7 
Si-8 
Sl-9 
203C 
181 
223 
113 
354 
206 
184 
162  
78 
60 
93 
-3 
192 
79 
59 
42 
33 
28 
24 
13 
20 
29 
29 
15 
1.1 
1.0 
2 . 1  
0.8 
1.2 
1.8 
1.5 
1.7 
37 
27 
46 
12 
25 
50 
44 
27 
0.20 
0.41 
0.39 
0.16 
0.94 
0.27 
0.31 
0.39 
20 
29 
17 
52 
15 
12 
23 
24 
4.0 
4.0 
4.0 
3.8 
3.0 
4.0 
4.0 
3.8 
®Index is the percentage change In shoot bloraass compared with the nonlnoculated control. 
^Color Rating Scale: 4 = dark green, 3 = pale green, 2 = yellow, and 1 = brown. 
^Values for each Isolate are averages from duplicate pouches (except n = 1 for: Sl-6, S4-8, 
Hl-1, Hl-4, Hl-5, Hl-15, H2-5, and Gl-2) 
^SEM Standard Error of the Hean. 
Table C.2. (Continued) 
Shoot 
Dry Efficiency 
Isolate Weight Index^ 
(nig) (%) 
S1--10 177 52 
Avg 191 65 
SEFr 15 12 
S2--1 117 3 
S2-2 173 48 
S2--3 103 -10 
S2--4 214 88 
S2--5 148 26 
S2--6 194 67 
S2--7 190 68 
S2--8 175 52 
S2--9 177 55 
S2--10 172 50 
S2-11 172 52 
S2--12 187 60 
Avg 168 46 
SEM 10 8 
Number 
Nodule 
Size 
Fresh 
Weight 
Nltrogenase 
Activity 
Dry 
Weight 
Cotyledon 
Color 
Rating 
rag 
(nodules) (nodule ^) (nig) 
(nM CgH^ 
mg 
mg ^ s ^) (cotyledon ^) (scale) 
22 1.4 27 0.20 17 2.9 
24 
2 
1.4 
0.2 
33 
4 
0.33 
0.05 
24 
4 
3.8 
0.1 
-Ackraore soil-
23 
25 
16 
27 
23 
31 
32 
13 
28 
37 
19 
25 
1.2 
1.2 
1 . 1  
2.0 
1.3 
1.5 
1.5 
2.3 
1.7 
1.0 
1.4 
1.3 
25 
31 
16 
51 
33 
36 
47 
29 
46 
35 
26 
36 
0.38 
0.18 
0.19 
0.37 
0.26  
0.33 
0.18 
0.20 
0.24 
0.35 
0.09 
0.31 
19 
20 
19 
13 
21 
15 
15 
19 
22 
26 
16 
21 
4.0 
3.9 
4.0 
3.5 
4.0 
4.0 
4.0 
3.8 
4.0 
3.5 
3.5 
4.0 
25 
2 
1.5 
0.1 
34 
3 
0.25 
0.03 
19 
1 
3.8 
0.1 
Table C.2. (Continued) 
Isolate 
Shoot 
Dry 
Weight 
(rag) 
Efficiency 
Index® 
(%) 
Number 
Nodule 
Size 
Fresh 
Height 
Nltrogenase 
Activity 
(nodules) 
mg 
(nodule ) 
Dry 
Weight 
Cotyledon 
Color 
Rating 
.g 
(mg) mg 8 ) (cotyledon ) (scale) 
-Galva soil-
S3~l 
S 3-2 
S3-3 
S 3-4 
S3-5 
S3-6 
S3-7 
S3-9 
S3-10 
Avg 
SEM 
172 
187 
105 
245 
207 
128 
137 
153 
161 
166 
12 
52 
63 
-8 
113 
83 
13 
21 
36 
39 
46 
10 
23 
18 
16 
19 
15 
13 
22 
22 
32 
20 
2 
1.3 
1 .6  
0.9 
0.8 
1.5 
1.4 
0.9 
1.9 
1.5 
1.3 
0.1 
30 
28 
14 
14 
24 
19 
19 
39 
47 
26 
3 
0.19 
0.18 
0.05 
0.04 
0.23 
0.21 
0.25 
0.18 
0.29 
0.18 
0.03 
15 
16 
30 
24 
14 
19 
13 
26 
20 
20 
2 
3.5 
3.5 
4.0 
2.7 
4.0 
2.9 
4.0 
4.0 
4.0 
3.6 
0.1 
-Sac soil-
S4-1 
S4-2 
S4-3 
S4-5 
186 
146 
140 
146 
66 
29 
27 
28 
17 
21 
22 
38 
1.3 
1.3 
0.9 
1.0 
45 
26 
34 
44 
0.10 
0.11 
0.13 
0.19 
12 
17 
31 
14 
3.5 
3.9 
4.0 
4.0 
Table C.2. (Continued) 
Shoot 
Dry Efficiency 
Isolate Weight Index^ 
(mg) (%) 
S4-6 215 86 
S4-8 277 129 
S4-9 166 46 
S4-10 134 18 
S4-11 150 35 
Avg 167 47 
SEM 15 14 
Hl-1 148 37 
Hl-3 202 76 
Hl-4 221 83 
Hl-5 145 34 
Hl-6 194 69 
Hl-8 123 8 
Hl-10 186 61 
Hl-11 186 63 
Hl-12 183 64 
Hl-13 181 64 
Nodule Cotyledon 
Fresh Nltrogenase Dry Color 
Number Size Weight Activity Weight Rating^ 
(nM C,.H. 
mg _/ 2, «"8 
(nodules) (nodule ) (mg) mg s ) (cotyledon ) (scale) 
20 1.4 29 0.41 13 4.0 
24 1.0 23 1.14 14 4.0 
21 1.5 32 0.30 16 3.5 
18 1.1 19 0.18 12 3.5 
41 0.7 34 0.08 18 4.0 
25 1.1 32 0.24 17 3.8 
3 0.2 6 0.07 2 0.1 
-Canisteo soll-
36 
33 
47 
17 
32 
19 
34 
23 
16 
15 
0.7 
1 . 1  
1.0 
1.4 
1.0 
1.1 
1.1 
1.5 
2 . 1  
0.5 
25 
37 
46 
24 
33 
21 
37 
35 
44 
16 
0.07 
0.22 
0.22 
0.15 
0.38 
0.30 
0.24 
0.30 
0.20 
0.23 
29 
14 
22 
12 
18 
20 
19 
13 
14 
23 
4.0 
4.0 
3.3 
4.0 
2.8 
4.0 
4.0 
3.5 
2.5 
3.0 
Table C.2. (Continued) 
Shoot 
Dry Efficiency 
Isolate Weight Index'' 
(nig) (%) 
Hl-14 140 22 
Hl-15 220 103 
Hl-16 117 2 
Hl-17 206 83 
Hl-19 154 36 
Hl-20 135 15 
Hl-21 179 54 
Avg 170 50 
SEM 10 9 
H2-2 210 85 
H2-3 171 51 
H2-4 166 44 
H2-5 175 62 
112-6 175 54 
H2-7 185 60 
H2-9 207 79 
112-11 180 58 
H2-12 141 24 
Nodule 
Number Size 
Fresh 
Weight 
Nltrogenase 
Activity 
Dry 
Weight 
Cotyledon 
Color 
Rating 
(nodules ) 
mg _ 
(nodule ) (mg) 
(nM CgH^ 
s~^) 
mg 
(cotyledon ) (scale) 
23 0.7 18 
59 1.9 111 
14 1.0 14 
35 1.8 09 
15 0.9 18 
15 1.6 25 
33 1.4 45 
26 1.2 34 
2 0.1 5 
0.16 17 4.0 
0.10 17 4.0 
0.28 25 4.0 
0.27 21 3.5 
0.09 16 4.0 
0.08 33 4.0 
0.32 18 4.0 
0.22 19 3.7 
0.03 1 0.1 
-Clarion soli-
24 2.1 55 0.42 12 3.5 
16 2I2 33 0.11 17 3.2 
18 1.6 28 0.36 14 4.0 
36 1.5 55 0.05 17 4.0 
23 1.8 44 0.22 15 3.5 
17 2.4 41 0.26 15 4.0 
31 1.9 59 0.25 15 3.3 
25 1.6 39 0.25 13 4.0 
14 1.6 22 0.30 18 3.5 
Table C.2. (Continued) 
Shoot 
Dry Efficiency 
Isolate Weight Index* 
(mg) (%) 
H2-I5 193 69 
H2-16 196 73 
H2-18 191 65 
Avg 183 60 
SEM 7 6 
Gl-1 204 79 
Gl-2 121 0 
Gl-4 192 67 
Gl-7 144 27 
Gl-8 171 48 
Avg 171 49 
SEM 13 12 
G3-1 148 27 
G3-2 172 52 
Nodule Cotyledon 
Fresh Nitrogenase Dry Color 
Number Size Weight Activity Weight Rating^ 
mg _ (nM gg 
(nodules) (nodule ) (mg) mg" a" ) (cotyledon" ) (scale) 
12 1.7 17 0.34 14 4.0 
31 1.6 51 0.34 11 3.5 
22 1.5 34 0.30 17 4.0 
22 1.8 39 0.28 15 3.7 
2 0.1 4 0.03 1 0.1 
-Maxfield soil-
43 1.3 57 
13 0.6 8 
32 0.9 27 
23 0.7 19 
32 1.7 41 
30 1.1 33 
4 0.3 8 
0.17 18 4.0 
0.50 30 3.0 
0.26 18 4.0 
0.21 26 3.5 
0.26 20 4.0 
0.26 22 3.8 
0.05 2 0.1 
-Clyde soil-
16 
13 
1.9 
1.8 
30 
23 
0.52 
1.72 
16 
26 
4.0 
3.5 
Table C.2. (Continued) 
Shoot 
Dry Efficiency 
Isolate Weight Index® 
(tng) (%) 
G3-3 163 42 
G3-4 167 45 
C3-5 168 47 
Avg 163 42 
SEM 10 9 
C5-1 79 --31 
G5-2 166 44 
G5-3 169 46 
Avg 137 20 
SEM 22 18 
G6-1 151 33 
G6-2 148 30 
G6-3 153 34 
Nodule Cotyledon 
Fresh Nitrogenaae Dry Color 
Number Size Weight Activity Weight Rating^ 
(nM C»H, 
mg - 1-1 mg 
(nodules) (nodule ) (mg) rag s ) (cotyledon" ) (scale) 
20 
31 
25 
0.8 
1.0 
1.4 
15 
29 
34 
0.15 
0.24 
0.09 
15 
22 
11 
3.5 
4.0 
4.0 
21 
3 
1.4 
0.3 
26 
4 
0.54 
0.28 
18 
3 
3.8 
0.1 
-Kenyon soil-
26 0.5 
16 1.5 
16 1.4 
19 1.1 
3 0.3 
13 0.07 
24 0.32 
21 0.23 
19 0.21 
4 0.07 
22 3.4 
19 4.0 
22  2 .8  
21 3.4 
2 0.3 
-Readlyn soli-
23 1.3 27 
21 1.9 40 
9 1.5 13 
0.26 21 3.5 
0.30 26 3.5 
0.33 15 3.5 
Table C.2. (Continued) 
Shoot Nodule Cotyledon 
Isolate 
Dry 
Weight 
Efficiency 
Index' a Number Size 
Fresh 
Height 
Nltrogenase 
Activity 
Dry 
Height 
Color 
Rating 
(mg) (%) 
mg 
(nodules) (nodule ^) (mg) 
(nM CgH^ 
mg-1 s-1) 
mg _ 
(cotyledon ) (scale) 
G6-4 165 45 
G6-5 181 60 
G6-6 169 48 
G6-7 165 43 
G6-9 129 13 
G6-10 156 40 
Avg 157 38 
S15M 6 7 
22 1.7 36 
30 0.9 26 
24 1.3 30 
27 1.3 36 
18 0.7 13 
19 1.7 32 
21 1.4 28 
2 0.1 3 
0.35 18 3.7 
0.19 15 3.5 
0.08 13 4.0 
0.22 18 4.0 
0.77 13 4.0 
0.40 17 4.0 
0.32 17 3.7 
0.07 1 0.1 
